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ABSTRACT 
In order to study the potential effects of an oil spill on coral reef organisms, the 
marine sponge, Cinachyrella spp. was investigated. In this study, Cinachyrella spp. was 
placed in a closed aquaculture system and exposed to sub-lethal water-accommodated 
fractions (WAFs) of Macondo crude oil and chemically-enhanced water accommodated 
fractions (CE-WAFs) of the dispersant, Corexit 9500, over a 24-hour time course, in 
order to model the BP Deepwater Horizon oil spill and oil spill sponge response. Illumina 
RNA sequencing and gene expression analysis utilizing hierarchical clustering, principal 
component analysis, and KEGG bioinformatic database generated 34,147 unique 
transcripts with differential expression of 483 transcripts across all samples related to 
metabolism, genetic, environmental, and cellular processes, and associations with 
pathways involved in human disease development and progression. These pathways 
highlight the induction of Rac1, a GTPase in the Ras superfamily responsible for cell 
proliferation, differentiation, and senescence and SOS, a set of specialized Ras-GTP 
activators. These Ras-regulated signaling proteins are thought to play a significant role in 
the development of human malignancies, specifically Rac1. The data reported here helps 
support the possible role of Cinachyrella spp. as an ecotoxicological model for oil and 
dispersant pollution as well as the identification of potential biomarkers of stress and 
environmental perturbation. These results have important implications in identifying 
stress response in coral reef associated communities, and will ultimately be useful in 
coral reef conservation, management, and oil spill mitigation activities.  
oil spill; marine sponge; RNA sequencing; gene expression 
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INTRODUCTION 
Marine Sponges as Bioindicators 
 Marine sponges are sessile, aquatic invertebrates that have sophisticated bodies 
full of pores and channels to allow active filtration of water throughout the organism via 
flagella containing amoeboid cells, collagen, and skeletal elements that fill the space 
between the external pinacoderm and the internal choanoderm (Müller, 2003; Simpson, 
1984). Sponges have the capability to filter thousands of liters of water several times their 
body size each hour to aid particulate filtration and suspension-feeding mechanisms 
(Reiswig, 1971; Pile et al., 1996; Leys et al., 2011). Sponges strain suspended particles 
and dissolved nutrients from the environment to meet trophic needs and, in doing so, are 
exposed to a wide array of dissolved or suspended substances in the surrounding water 
(Hill et al., 2002). In addition to their sessile nature and feeding habit, they are tolerant to 
variability in ambient chemical and physical fluctuations, making them unique model 
organisms to assess changes in ecological health of the marine environment.  
Precedence exists for sponges acting as bioaccumulators of certain marine 
pollutants, in particular heavy metals (Webster et al, 2001; Cebrian et. al, 2007; Rao et 
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al., 2006). Research by Patel and colleagues (1985) found high levels of heavy metals 
accumulated in two different sponges found in the Indian Ocean, and determined that 
metal concentrations within the sponge tissue was species dependent (Patel et al., 1985). 
In addition, in-vitro experiments performed with the sponge Halichondria pancia showed 
that metals, Cu, Zn, and Cd, accumulated within sponge tissue at concentrations 
proportional to water column concentrations (Hansen et al., 1995). The use of marine 
sponges to study the bioaccumulation of metals will provide insight into potential impacts 
on marine organisms from industrialization as well as improved detection methods to 
trace the dilution process, transport and distribution of industrial effluents. 
In addition to using sponges to assess heavy metal pollution, they may also be 
used to profile levels of polychlorobiphenyl (PCB) contamination from anthropogenic 
inputs and multiple point sources of pollution. PCBs are man-made organic chemicals 
that were used in industrial and commercial applications until their ban in 1979 (U.S. 
Environmental Protection Agency, 2012). PCB molecules are not readily soluble in water 
and their hydrophobic propensity gives them a high bioaccumulation capacity in lipid-
rich tissues, like those in sponges (Perez et al., 2003). Since PCBs are resistant to 
chemical or biological degradation, they persist in the environment. Studies have shown 
that PCBs accumulate in sponge tissue at higher degrees than in other marine invertebrate 
tissue in the same areas exhibiting similar levels of contamination (Perez et al., 2003). In 
addition, PCBs induce deoxyribonucleic acid (DNA) damage and the expression of heat 
shock protein in the sponge Suberities domuncula (Schroder et al., 1999). Marine 
sponges are good bioindicators of PCB contamination because of their high susceptibility 
to bioaccumulation and their potential to serve as biomarkers of PCB exposure. 
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Measuring levels of polycyclic aromatic hydrocarbon (PAH) contamination in 
sponge mesohyl may also provide an understanding of ecotoxicological damage from 
both natural and anthropogenic sources. Several of the higher molecular weight 
compounds disrupt normal metabolic function in many organisms, transforming cellular 
products into potent carcinogens, teratogens and/or genotoxic metabolites (Heitkamp et 
al., 1988). PAHs are relatively insoluble in seawater and rapidly become associated with 
suspended molecules and particles in the surrounding environment. Since sponges are 
capable of filtering these compounds from seawater and the fact that they lack the 
enzymes responsible for PAH metabolism, sponges may serve as a good model organism 
to assess PAH pollution (Zahn et al., 1981; Mahaut et al., 2012). 
Almost all sponges harbor a diverse and vast number of microorganisms within 
their tissues. Microbial communities living within sponge tissue confer a symbiotic 
relationship with the host; synergistic pumping and filtering of the sponge host provides 
food and nutrients to commensal bacteria. Studies have established standards for 
measuring levels of contamination using bacteria as biological indicators. Sponge-
associated bacteria may also have potential to serve as bioindicators of heavy metal, 
PCB, and PAH contamination.  
Webster and colleagues (2009) studied the effects of sublethal doses of cupric ion 
(Cu
2+
) on the microbial communities of the sponge, Rhopaloeides odorabile, and found 
significant shifts in bacterial numbers upon exposure to Cu
2+
, providing evidence that 
microbial sponge symbionts are novel and sensitive bioindicators of heavy metal 
pollution (Webster et al., 2001; Selvin et al., 2009). PCB and PAH-degrading bacteria 
have been described and isolated from seawater and marine sediment; however, no 
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studies have elucidated specific responses of sponge-associated bacteria to PCBs and 
PAHs. Although detailed reports are lacking, host-specific data suggests that these 
toxicants may also induce shifts in their symbiotic counterparts. These interactions should 
be further explored to better understand the effects of pollutants in the marine 
environment. 
Cinachyrella spp. 
The globular sponge, Cinachyrella, is in the order Spirophorida and the family 
Tetillidae. It has external hues that range from yellow to orange to red and is aptly named 
the golf ball sponge for its characteristic concave depressions (porocalices) on the outer 
surface (Rutzler et al., 1992). Cinachyrella’s habitat distribution ranges as far north as the 
shallow coastal waters of North Carolina to the south Atlantic waters of Brazil (Cardenas 
et al., 2009). Within the genus of Cinachyrella there exists three species that are found in 
the tropical and subtropical waters of south-southeast Florida: Cinachyrella alloclada, 
Cinachyrella apion, and Cinachyrella kuekenthali (Rutzler et al., 1992). 
 Determining the of species of Cinachyrella can be quite difficult, and the main 
challenges to correct species identification include: 1) vast variation in external 
characteristics and spiculation with different habitat conditions and fixation methods, and 
2) extreme size ranges of spicules, including minute differences of a few micrometers in 
microscleres to several millimeters in megascleres (Rutzler et al., 1992). Also, some 
spicules can be very rare or absent, leading to misidentification. In some cases, 
taxonomic identification can be confirmed using molecular biology techniques; however, 
manipulation in the laboratory using Cinachyrella has proven to be quite challenging. For 
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unknown reasons, Cinachyrella is difficult if not impossible to genetically amplify, 
further proving that the species is truly an enigma to study (Cardenas et al., 2009).  
 Cinachyrella alloclada is an orange to yellow shallow reef (5-20 m in depth) 
sponge that has a hispid surface and can grow up to 100 mm in diameter with small to 
large porocalices, ranging from 3 mm to 15 mm in size (Cardenas et al., 2009; Rutzler et 
al., 1992). One obvious oscule is present at the top of the sponge and it is usually found 
covered with algae and sediments (Cardenas et al., 2009). Spicules present include 
smooth oxeas in two to three size classes (one size class may be absent), pro- and 
anatriaenes of one size class, and spiny sigmaspires of variable size range (Rutzler & 
Smith, 1992). Figure 1A-F shows the gross morphology and skeletal architecture 
common to Cinachyrella alloclada (Uliczka, 1929). 
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Cinachyrella apion is a small, yellow to light gray spherical sponge that is 
typically found in mangrove and lagoon water habitats (Cardenas et al., 2009). The 
surface of C. apion is strongly hispid and can reach up 7 cm in diameter with numerous 
and evenly distributed porocalices (up to 2 mm in diameter), especially on the sides of the 
sponge (Cardenas et al., 2009). Oscula are rare, and when found, are generally 2-3 mm in 
diameter and flush with the ectosome (Rutzler & Smith, 1992). Spicules consist of oxeas 
in two size classes and include common styles and few subtylostyles and strongyles 
(Rutzler & Smith, 1992). Protriaenes exist in two size classes, anatriaenes in one size 
 
Figure 1- Cinachyrella alloclada (Uliczka, 1929) [ZMBN 81788]: A. 
Specimen in-situ , scale: 1cm, B. Cross-section showing the skeletal 
architecture, C. Oxea II, scale: 20 µm, D. Oxea II, scale: 20µm, E. 
Anatriaene, scale: 20 µm, and F. Sigmaspire, scale: 1 µm. 
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class, trichodragmata, and spiny sigmaspires (Cardenas et al., 2009). Figure 2A-F shows 
the gross morphology and internal skeletal structure architecture (Uliczka, 1929). 
 
Cinachyrella kuekenthali is a massive, subglobular sponge found on reef and 
coral rubble (3-18 m depth) that can reach 15 cm in diameter and is orange in color, but 
may appear gray to red because it is often covered with sand, green and red algae and 
epibionts that mask its true color in the field (Cardenas et al., 2009). It is moderately 
hispid and can have one or few oscules (1 cm diameter) with numerous unevenly 
distributed porocalices (0.3-0.5 cm diameter) on the sponge surface, but not usually on 
the top (Cardenas et al., 2009). Spicules found in C. kuekenthali consist of one size class 
 
Figure 2- Cinachyrella apion (Uliczka, 1929) [ZMBN 80958]: A. 
Gross morphology, B. Cross-section showing the skeletal architecture, 
C. Cross-section of oscula, ptI: protriaenes I, ptII: protriaenes II, scale: 
0.5 mm, D. Oxea II, scale: 20 µm, E. Anatriaene, scale: 10 µm, and F. 
Sigmaspire, scale: 1 µm. 
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of large oxeas, microoxeas that can be spiny, straight or slightly bent, protriaenes with 
rare prodiaenes, anatriaenes commonly distributed, and spiny sigmaspires (Cardenas et 
al., 2009). Figure 3A-D shows the gross morphology and spicule morphologies found in 
C. kuekenthali (Uliczka, 1929). 
 
The Harmful Effects of Crude Oil in the Marine Environment 
Crude oil is a naturally occurring flammable liquid composed of variable ratios of 
carbon and hydrogen molecules known as hydrocarbons and organic compounds. Many 
crude oil constituents (see Figure 4), including paraffins, naphthenes, aromatics, and 
asphaltics, are considered organic pollutants and are released into the environment in 
large quantities due primarily to anthropogenic activities. Hydrocarbons can be divided 
into four classes: saturates, aromatics, asphaltenes (phenols, fatty acids, ketones, esters, 
and porphyrins), and resins (pyridines, quinolones, carbazoles, sulfoxides, and amides) 
 
Figure 3- Cinachyrella kuekenthali (Uliczka, 1929) [ZMBN 81787]: A. 
Gross morphology, scale: 5 cm, B. Cross-section showing the skeletal 
architecture, scale: 1 mm, C. Microxeas scale: 20 µm, D. Sigmaspires, 
scale: 2 µm 
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(Colwell et al., 1977). Susceptibility of hydrocarbons to degradation depends on 
availability of microorganisms in the environment and individual chemical composition; 
degradation of hydrocarbons by microbes occurs by attack on aliphatic or light aromatic 
fractions of the oil, with high molecular weight aromatics exhibiting only low rates of 
removal (Atlas & Bragg, 2009). Studies have shown that hydrocarbons and byproducts of 
degraded oil act as stress inducers and toxicants to marine organisms (Harwell & Gentile, 
2006). Since high molecular weight compounds, such as PAHs, may not be subject to 
degradation and exhibit toxicological properties, they are of ecological importance due to 
their potential negative impact on marine organisms (Atlas & Bragg, 2009). 
 
There is a large body of literature on the decades of research efforts to unveil the 
harmful effects of crude oil in the marine environment (Agamy, 2012; Ballou et al., 1989; 
Baussant et al., 2001; Carls et al., 1999; Chen & Denison, 2011 ; Couillard et al., 2005; 
Dodge et al., 1995; Finch et al., 2012; Gulec et al., 1997; Heintz et al., 1999; Hook & 
Osborn, 2012; Jung et al., 2012; Loya & Rinkevich, 1980; Mitchell & Holdway, 2000; 
 
Figure 4- Average composition of crude oil along with some representatives of each 
class of compounds (Image credit: A Green Chemistry Module, Trudy A. 
Dickneider, Department of Chemistry, University of Scranton) 
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Moore & Dwyer, 1974; Pelletier et al., 1997; Percy, 1976; Peters et. al., 1981; Ray, 1981; 
White et al., 2012). In 1974, a study  tested the effects of crude oil on marine organisms 
and showed that soluble aromatic derivatives, the hydrocarbon component primarily 
associated with toxicity and mortality, may cause sub-lethal toxic effects at 
concentrations lower than 0.1-1 ppm, and that hydrocarbon accumulation occurs in many, 
if not all, marine species (Moore & Dwyer, 1974). Studying the effects of PAH 
accumulation and toxicity in marine organisms has proven to be challenging due to the 
difficulty in replicating pollutant exposure conditions in the laboratory environment, but 
more recent studies that have utilized complex continuous-flow systems to mimic crude 
oil spills has proven to be successful (Baussant et al., 2001). These systems have revealed 
that PAH uptake in marine biota (mussels and fish, specifically) is complex and that 
different marine species bioaccumulate different molecules depending on habitat 
preference and metabolic capability (Baussant et al., 2001).  
Other ecotoxicological studies have shown that the oil weathering process 
significantly alters the composition of spilled oil, and the biological effects it may have 
on marine organisms (Moore & Dwyer, 1974; Percy, 1976; Grahl-Nielson et al., 1978). 
Depending on the habitat preference and life stage of the organism, PAH exposure and 
accumulation is more likely to induce toxicity and/or mortality in larval and juvenile 
stages rather than in adults (Pelletier et al., 1997; Carls et al., 1999; Heintz et al., 1999). 
Bioavailability of PAH to sessile benthic organisms is also complicated; their modes of 
feeding and tidal fluxes in their coastal habitats significantly alter PAH exposure levels. 
Chronic exposure to crude oil during whole gamete development in mussels is shown to 
induce slow developmental growth and high percentages of abnormalities in subsequent 
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offspring (Baussant et al., 2011). Investigating the toxic effects of oil contamination in 
other benthic organisms, like marine sponges, is vital since many benthic communities 
form the foundation of the food chain for more complex organisms, including humans.  
Researchers have demonstrated that sponges are model organisms for 
toxicological studies because of their propensity to bioaccumulate certain pollutants 
(Webster et al., 2001; Perez et al., 2003). In addition, sponges possess some of the same 
biochemical pathways as higher metazoans, which may provide insight into how more 
complex organisms degrade or metabolize toxic substances (Müller & Müller, 1998). 
Some of the first sponge toxicological studies involved assessing PAH pollution using 
model sponges (Zahn et al., 1981; Zahn et al., 1983).  Zahn and colleagues found that 
model sponges are indicators for PAH contaminants and that there exists no observable 
DNA repair mechanism in sponges (1981; 1983). More recent evidence confirms that 
sponges do not actively metabolize PAH and that its fate is subject to bioaccumulation 
within sponge tissues (Glyzina et al., 2002).  
The most catastrophic environmental oil spill disaster in U.S. history, the 
Deepwater Horizon oil spill, 1) occurred within hundreds of miles of the only coral reef 
communities in the United States, and 2) nearly caused 205.8 million gallons of spilled 
oil (Achenbach & Farhenthold, 2010) to be incorporated into the Loop current. These 
facts, and the possibility of oil being transported to sensitive Florida coastal environments 
(Liu et al., 2011), demonstrates that the development of useful “bioindicators” is 
important. Therefore, an objective of this study, through the use of de novo transcriptome 
analysis, is to explore marine sponges and their potential role as bioindicators of 
environmental water quality. 
  
24 
 
Dispersant Toxicity in the Aquatic Environment 
Chemical dispersants may be used as a first response during oil spill remediation 
efforts by aiding the acceleration rates of oil degradation. Dispersants contain a 
combination of surfactants and solvents that function like detergents to break up oil into 
tiny droplets that can be easily mixed with water. Corexit 9500, the dispersant used in the 
Deepwater Horizon oil spill, is a more recent formulation that provides enhanced 
penetration and emulsifying properties to increase effectiveness (Mitchell & Holdway, 
2000). Dispersants do not reduce the volume of oil in the marine environment; they move 
it to a different environmental compartment and, in turn, shift the risk of impact from the 
sea surface to water column and benthic organisms (Coastal Response Research Center, 
2006). There is limited scientific information available regarding the toxicity of Corexit 
9500 to marine benthic organisms, specifically to its effect on sponges; however, 
toxicological studies show that the use of Corexit 9500 to disperse oil is noxious to not 
only aquatic animals (Finch et al., 2012; Smith et al., 2012; Hemmer et al., 2011), but 
also to humans as well (Anderson et al., 2011; Wang et al., 2012; Sriram et al., 2011). 
Since the April 20
th
, 2010 Deepwater Horizon oil spill, many researchers have 
invested efforts into investigating the ecotoxicological effects of spraying more than 6 
million gallons of Corexit 9500 into the Gulf of Mexico (Judson et al., 2010). In a study 
to test the toxicity of dispersants and dispersed oil in a marine species, it was found that 
diatoms (phytoplankton that make substantial contributions toward ecosystem function) 
displayed membrane damage and were found to be much more sensitive to dispersants 
than oil:water mixtures alone (Hook & Osborn, 2012). Initial studies to test the toxicity of 
Corexit formulations display low to moderate toxicity to aquatic organisms, although 
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variables such as species, life stage, exposure duration and temperature can significantly 
affect toxicity estimates (George-Ares & Clark, 2000; Singer et al., 1991). Studies of 
Corexit 9527 on larvae from several species of sea urchins and marine fishes show severe 
effects in fertilization and development, resulting in pathological effects on larvae and 
rapid cytolysis (Lönning & Hagström, 1976). Other studies reveal that oil dispersants 
cause bradycardia, or irregular heartbeat, in marine fish with observable symptoms 
similar to those of asphyxic hypoxia (Kiceniuk et al., 1978). It is quite clear that the side 
effects of dispersant use vary widely in test organisms; therefore, it is imperative that 
rigorous testing is performed to evaluate the potential outcomes its use may have in many 
different ecosystems. 
More recently, the Environmental Protection Agency (EPA) has evaluated the 
toxicity of Corexit 9500 on the mysid shrimp, Americamysis bahia, and a small estuarine 
fish, Menidia beryllina (Hemmer et al., 2011). These two Gulf of Mexico aquatic species 
are routinely used as standard test organisms for pollutant studies, and found that Corexit 
9500 is no more or less toxic than other available alternatives, and that toxicity levels 
varied given the with  species type (Hemmer et al., 2010). That is not to say that 
employing the use of dispersants should be generally accepted. Dispersant use should 
only be applied when absolutely necessary, as there are significant environmental impacts 
to be considered. Although comprehensive dispersant toxicity studies are lacking, there is 
irrefutable scientific evidence showing that dispersants are harmful to organisms in the 
marine environment, and further testing of marine organisms from different 
environmental niches is needed to provide a better understanding of the ecotoxicological 
effects of dispersants. 
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The Toxic Effects of Oil and Dispersant Mixtures on Marine Organisms 
Not many studies have assessed the acute and chronic toxicities of mixed crude 
oil and dispersant fractions on marine organisms. In experimental ecosystem enclosures, 
where the effects of crude oil and dispersant have been examined, data has indicated that 
oil and dispersant cause growth suppression in phytoplankton communities (Harrison et 
al., 1986), and successively impaired activity leads to immobilization and death in some 
fishes, crustaceans, bivalves (Swedmark et al., 1973 ) and stony corals (Peters et al., 
1981). Near shore and pelagic organisms are not the only communities to be affected by 
oil spills. The aftermath of the Deepwater Horizon oil spill is of unprecedented scale and 
complexity in comparison to previous spills because the spill occurred in very deep 
waters. In order to assess the potential impacts of the Deepwater Horizon oil spill in 
offshore benthic communities, deep-water coral communities have been studied. They are 
uniquely positioned beneath the path of a documented oil plume emanating from the 
blown Macondo well and reportedly displayed varying degrees of widespread stress, 
tissue loss, excessive mucus production, and bleached tissue (White et al., 2012). Given 
the scale and intricacies of the Deepwater Horizon oil spill and bioremediation efforts, 
the immediate and long-term ecological significance of this disaster have yet to unfold. 
Literature reveals that both crude oil and dispersant negatively impact the marine 
ecosystem. When dispersed oil is introduced into the environment, this creates a whole 
new dilemma; as dispersant is sprayed over an oil slick, this causes the oil to break up 
into tiny droplets and fall below the surface waters into the water column. As the oil is 
pushed into the water column, the oil/dispersant mixture becomes 1) bioavailable for 
consumption by fishes, mammals and other free-swimming marine organisms, 2) 
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entrained in the benthic community as it settles, and 3) incorporated into the entire food 
chain, affecting every living species within the marine ecosystem. Given the evidence, it 
would seem logical to suggest that oil/dispersant fractions are far more harmful to marine 
organisms than oil or dispersant alone. In fact, to confirm, a study testing the toxicity of 
crude oil, dispersant, and dispersed oil combinations on amphipods and marine sand 
snails reveals that dispersed oil combinations were significantly more toxic to organisms 
than crude oil alone (Gulec et al., 1997). Additionally, many other previous studies have 
found that combinations of oil and dispersant are shown to be more toxic than oil or 
dispersant alone in marine communities (Ballou et al., 1989; Dodge et al., 1995; Ray, 
1981; Loya & Rinkevich, 1980; Johannes, 1975). 
The detrimental effects of oil and dispersant combinations has been investigated 
in many different marine niches, from plankton communities (Jung et al., 2012) to 
pelagic organisms (Lee et al., 2012) and most importantly, to sensitive coral reef and 
mangrove habitats (Peters et al., 1997). It has been noted that oil and dispersant mixtures 
can induce malformations, genetic damage, and even mortality in many marine species 
(Couillard et al., 2005; Baussant et al., 2011; Jung et al., 2012; Mitchell & Holdway, 
2000; Agamy, 2012); therefore, precedence exists to explore the value in examining 
genetic and physiological biomarkers to measure environmental impact on marine species 
when bioremediation efforts require the use of dispersants during oil spill events. Marine 
sponges have the potential to serve as important biological indicators for oil and 
dispersant ecotoxicology because they have the ability to uptake PAH sources which can 
be readily measured to assess contamination levels (Zahn et al., 1981; Glyzina et al., 
2002). In addition, they are ecologically important to the health of coral reef ecosystems 
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because they utilize chemical defense mechanisms against predation by sessile organisms 
and marine fishes (Proksch, 1994; Burns & Ilan, 2003; Kubanek et al., 2000). 
Discovering a model marine sponge for oil and dispersant ecotoxicology could not only 
provide valuable whole-organism biomarker information for ecological risk assessment 
and management (Smit et al., 2009), but also a measurable method on evaluating coral 
reef immunological and detoxification responses exposed to oil spill catastrophes, like as 
the Deepwater Horizon.   
Illumina RNA Sequencing and Transcriptome Analysis 
 Extracting the genetic information from a biological organism can reveal a 
limitless amount of insight into the genome (entirety of an organism’s hereditary 
information), transcriptome (set of RNA transcripts reflecting the genes being actively 
expressed), or epigenome (heritable changes in gene expression or cellular phenotype by 
natural or man-made chemical compounds that do not alter DNA sequence) of virtually 
any species. Major advancements in many scientific disciplines can be attributed to the 
advent of new sequencing technologies. Among the most heralded is the concept of next-
generation sequencing, or NGS. Although conceptually similar to capillary 
electrophoresis (CE)-based Sanger sequencing in that it sequentially identifies the 
nitrogenous bases of a small fragment of DNA from signals emitted as each fragment is 
re-synthesized from a DNA template strand, NGS is vastly different because it extends 
this process over millions of reactions in one massively paralleled fashion and 
encompasses several different platforms, such as Illumina/Solexa , 454/Roche, 
ABI/SOLiD, and Helicos (Mardis, 2011; Illumina, 2012; Wall et al., 2009; Metzker, 
2010). These advancements enables rapid sequencing of large stretches of DNA base 
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pairs spanning entire genomes with high-throughput instrumentation capabilities that 
produce hundreds of gigabases of data in just a single sequencing run! 
A couple of the most widely used sequencing platform technologies include 
454/Roche and Illumina/Solexa. These NGS platforms have been utilized for high-
throughput functional genomic research and been applied in a variety projects from 
whole-genome sequencing to de novo transcriptome profiling (Morozova & Marra, 2008; 
Metzker, 2010). One of the limitations of traditional Sanger sequencing methodology is 
that it requires in vivo amplification of the DNA targets which is typically performed by 
cloning into bacterial hosts (Schuster, 2008). The 454 technology was the first next-
generation sequencing technology released to the market, and instead of a cloning step, it 
utilizes highly efficient in vitro DNA amplification by emulsion PCR, a technique that 
allows amplification of DNA fragments containing a bead inside water droplets in an oil 
solution (Morozova & Marra, 2008; Logares et al., 2012). Each template containing a 
bead is transferred to a picotiter plate and pyrosequenced, a sequenced-by-synthesis 
technique, in a massively paralleled fashioned (Morozova & Marra, 2008; Voelkerding et 
al., 2009; Logares et al., 2012). The DNA is immobilized and deoxynucleoside (dNTPs) 
are added one at time, which, when bound to the complementary base of the DNA 
template, causes the release of inorganic pyrophosphate that is detected by measuring the 
signal intensity of chemiluminescent light emitted from an enzyme in the reaction 
mixture (Morozova & Marra, 2008; Voelkerding et al., 2009; Logares et al., 2012). 
Unfortunately, this pyrosequencing approach is prone to errors because the signal 
intensity of the chemiluminescent reaction is proportional to the amount of 
pyrophosphate released which causes errors in the number of base insertions and 
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deletions (Morozova & Marra, 2008; Metzker, 2010). 454’s GS FLX+ System is capable 
of generating up to 700 Mb of sequence data in 700- to 1000-base pair reads in a 23 hour 
run time (Roche, 2012).  
In contrast, the Illumina/Solexa approach achieves cloning-free DNA 
amplification by attaching single-stranded DNA fragments to a flow cell and performing 
bridge amplification of the DNA template (Illumina, 2012). Using this technique, one end 
of the DNA template is attached to a surface using an adapter while the other end 
subsequently bends over, to hybridize to complementary adapters, thus, in effect, creating 
a “bridge” (Illumina, 2012; Voelkerding et al., 2009; Logares et al., 2012). The flow cells 
contain more than 40 million clusters with each cluster containing 1000 clonal copies of a 
single template which is then sequenced in a massively paralleled fashion using a 
sequencing-by-synthesis approach that utilizes reversible terminators with removable 
fluorescent molecules and a special DNA polymerase that incorporate these terminators 
into growing oligonucleotide chains (Morozova & Marra, 2008; Voelkerding et al., 2009; 
Logares et al., 2012). The terminators are labeled with fluors of four different colors 
representing each nucleotide base, and the sequence is deduced from the cluster by 
reading the color of each nucleotide (Morozova & Marra, 2008). Although the Illumina 
platform is more effective than pyrosequencing approaches, it produces shorter read 
fragments and is unable to resolve short read fragments with precision; in addition, the 
use of terminators and DNA polymerases increases the rate of substitution errors 
(Morozova & Marra, 2008; Metzker, 2010). Although, evaluation of base-call error, 
frameshift frequency, and contig length suggests that the Illumina platform offers equal-
to or better results than does the Roche’s 454 platform (Luo et al., 2012). Using 
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Illumina’s Genome Analyzer IIx (GAIIx), up to 85-95 Gb of sequence data using paired-
end read lengths of up to 150-base pairs can be generated in 14 days (Illumina, 2012). 
 Ribonucleic acid or RNA-sequencing is a powerful tool for decoding the 
transcriptome, the coding and non-coding RNA molecules, of an organism. This 
application provides a valuable understanding of what genes are being expressed and to 
what extent, at any given time in the cell. Illumina platform RNA-Seq technologies uses 
non-specific probes as way to eliminate biases in assumptions about the transcriptome. 
Additionally, no a priori knowledge of the study organism’s transcriptome is required for 
RNA-seq; this enables hypothesis-free experimental designs of any species which is very 
convenient when there is limited or missing genomic annotation (Illumina, 2012). This 
technique is particularly appropriate for studying marine sponges because there is very 
limited genomic data available.  
 Illumina’s TruSeq RNA Sample Preparation kit is an easy and cost-effective 
solution to preparing total RNA samples for generating libraries from total RNA that are 
compatible with Illumina’s sequencing platforms. The TruSeq RNA Sample Preparation 
kit effectively reduces ribosomal RNA (rRNA) using biotinylated probes that selectively 
bind rRNA species that are then captured by magnetic beads for removal, leaving behind 
the desired messenger RNA (mRNA) in solution. After the mRNA has been selected for, 
it is purified using polyA selection to ensure that the protein coding mRNA that is largely 
responsible for the process of gene expression is selected for. The mRNA is the 
chemically fragmented and transformed into single-stranded complementary DNA 
(cDNA) using random hexamer priming, and then the second strand is generated to create 
double-stranded cDNA that is ready to be used for constructing the libraries (Figure 5). 
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In order to prepare each fragment for ligation to the sequencing adapters, an ‘A’-
base is then added to each blunt end of each strand. Each adapter contains a ‘T’-base 
overhang on the 3’-end providing a complementary overhang for ligating the adapter to 
the A-tailed fragmented DNA. The ligation adapters contain the full complement of 
sequencing primer hybridization sites for single, paired-end, and multiplex reads in order 
to reduce the number of steps in the PCR reaction. After denaturation and amplification 
steps are complete, libraries may be pooled for amplification on either the cBot or the 
Cluster Station and then used with any of Illumina’s next-generation sequencing 
instruments. Refer to Figure 6 for a descriptive workflow. 
 
 
Figure 5- Optimized TruSeq RNA Sample Preparation: Starting with total RNA, 
mRNA is polyA-selected and fragmented. It then undergoes first- and second-
strand synthesis to produce products ready for library construction. (Data Sheet: 
Illumina Sequencing) 
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The TruSeq RNA Sample Preparation kit decreases ribosomal contamination and 
maximizes the percentage of uniquely mapped reads. The high quality sequences 
produced serve to increase the percentage of uniquely aligned reads, thus providing 
 
 
Figure 6- Adapter Ligation Results in Sequence-Ready Constructs without 
PCR: Library construction begins with double-stranded cDNA produced 
from total RNA (Figure 5AII). Blunt-end fragments are created (Figure 
5B) and an A-base is then added (Figure 5C) to prepare for indexed 
adapter ligation (Figure 5D). Final product is created (Figure 5E), which is 
then ready for amplification on either cBot or the Cluster Station. (Data 
Sheet: Illumina Sequencing) 
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insight into the assembly of poorly annotated transcriptomes or assembly of de novo 
transcriptomes altogether. By analyzing the entire collection of RNA transcripts in a cell, 
researchers can determine where and when a gene is turned off and count the number of 
transcripts to determine gene expression. In the case of RNA-sequencing the marine 
sponge, Cinachyrella spp., de novo transcriptome assembly would provide novel and 
unique knowledge of a rather cryptic and poorly annotated marine species; furthermore, 
aligning the Cinachyrella spp. transcriptome to the Amphimedon queenslandica genome 
generated in 2010 (Srivastava et al., 2012) may provide a comprehensive look into the 
gene and metabolic function of the phylum Porifera.  
Bioinformatics 
 Bioinformatics is the application of computer software programs to store and 
analyze masses of biological data, such as DNA and RNA sequences, protein structure 
and interactions, metabolic pathways, and genetic interactions, in such a way that it 
uncovers meaningful biological information about the molecular interactions of an 
organism (Fox, 2009; Goujon et al., 2010; Moore et al., 2010) . Some of the commonly 
used software tools include command-line tools, such as Java, Perl, C, C++, Python, and 
SQL, to more graphical standalone programs from various bioinformatics companies or 
public institutions, like CLC bio, Anduril, EMBOSS, and Galaxy.  
The greatest challenge to researchers is making sense of the wealth of data 
produced by next-generation sequencing projects. Generating sequence data, intelligent 
storage, interpretation, and analysis are almost entirely computer dependent. With the 
introduction of new and more complex computer programs to handle such data, there 
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have been increases of data and knowledge in many different fields other than just 
genomics; proteomics, metabolomics, and transcriptomics have also undergone 
advancements in understanding key biological processes.  
 The problem of storing the vast amount of genetic sequence data generated from a 
single project alone is a daunting task. Fortunately, there have been databases developed 
for scientists to store and disseminate their sequence data to the public. The three 
collaborative parties that maintain the most globally comprehensive and preserved 
sequence databases include the DNA Databank of Japan (DDBJ) at the National Institute 
for Genetics in Mishima, Japan, the European Molecular Biology Laboratory’s European 
Bioinformatics Institute (EMBL-EBI) in Hinxton, UK, and the National Center for 
Biotechnology Information (NCBI) in Bethesda, Maryland, USA (Cochrane et al., 2011). 
The curated databases contain collections of public domain nucleotide sequences and 
associated metadata with information ranging from raw reads, assembly and alignment 
information, and submitted functional annotations of assembled sequences (Cochrane et 
al., 2011). Annotation, or attaching biological information to the sequence, in its most 
basic form, is typically performed using computer analysis to find similarities between 
datasets and then assigning meaning; although, some steps may be more complex, 
requiring involved experimentation and software modeling tools (Stein, 2001).  
NCBI’s GenBank is a comprehensive database containing available nucleotide 
sequences for more than 380,000 organisms named at the genus level or lower (Benson et 
al., 2011). Sequence data submissions are primarily made using the BankIt or Sequin 
programs and then accession numbers are assigned by GenBank (Benson et al., 2011). 
GenBank is accessed using NCBI’s Entrez retrieval system that integrates data from 
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major DNA and protein sequence databases in conjunction with taxonomy, genome, 
mapping, protein structure and domain information through PubMed, a broad biomedical 
literature database (Benson et al., 2011). NCBI’s Basic Local Alignment Search Tool 
(BLAST) provides rapid sequence similarity searches using GenBank and other sequence 
databases that aid in the identification and annotation of raw sequence data generated 
from sequencing projects. 
 Transcriptomic data typically yields a long list of differentially expressed genes or 
transcripts, although extracting meaning from the list of transcripts can be challenging 
and complex. One way to simplify analysis is to utilize knowledge databases to group 
long lists of genes into smaller groups based on gene function and expression (Wilming 
& Harrow, 2009). This type of analysis can reveal what genes are involved in what 
biological processes and how the gene products interact with one another. Additionally, 
identifying the roles specific genes and gene products have in active metabolic pathways 
can reduce data complexity and give a fundamental understanding of the biological 
system. Understanding gene function and associated pathways that differ between two 
conditions can provide significant information, especially when applied to environmental 
monitoring of marine organisms following pollutant exposure. Findings may not only 
provide insight into developing molecular biomarkers of stress in model organisms, but 
also early-warning detections of stress that may be beneficial in mitigating pollution. 
 There are many different open source software programs to analyze and interpret 
sequence data to describe gene expression patterns and associated metabolic pathways. 
Clustering techniques are used in gene expression analysis to group genes together based 
on the similarity in their gene expression profile in order to map functionally related 
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genes (de Hoon et al., 2004). Cluster 3.0 is an improved clustering program that 
implements a choice of distance measures for k-means clustering and self-organizing 
maps, automatic file format check when loading a data file, and improved accuracy and 
memory usage (de Hoon et al., 2004). Improved checks and algorithm repetitions in 
Cluster 3.0 facilitates the search for the optimal gene clustering solution for the given 
dataset. 
 Knowledge databases like The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) builds metabolic pathways from publicly available data rather than on methods 
that infer pathways from molecular measurements (Khatri et al., 2012). KEGG identifies 
pathways that may be affected by one condition and correlates information in one or 
more known pathways with gene expression patterns for the same condition (Khatri et al., 
2012). The resulting output shows a set of differentially expressed genes that can be used 
to explain differences in gene expression based on sample treatment type and/or 
condition. In addition, metabolic pathway annotation reveals information about gene 
products and how they interact with each other in a given pathway and where they 
interact. These analyses are performed using the KEGG Automatic Annotation Server 
(KAAS) by providing functional annotation of genes using BLAST comparisons against 
the manually curated KEGG GENES database; the result contains KO (KEGG 
Orthology) assignments and automatically generated KEGG pathways (Moriya et al., 
2007). The KO system is the basis for drawing KEGG PATHWAY maps and 
constructing the genes/proteins category of KEGG BRITE, a database which consists of 
hierarchical classifications of genes, proteins, compounds, reactions, drugs, diseases, 
cells and organisms (Aoki-Kinoshita & Kanehisa, 2007).  
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 In order to extract and explain the underlying biology of next-generation 
sequencing data, bioinformatics is utilized to search for statistically significant patterns of 
gene expression and associated pathways. Bioinformatics may be used to interpret the 
biological meaning of data or to validate computationally derived results. Despite the 
power of knowledge base-driven gene annotation and pathway analysis, there are 
limitations. There exists annotation and methodological challenges based on low 
resolution knowledge bases, missing condition-based and cell-specific information, and 
incomplete annotations that restrict development of the next-generation pathway analysis 
methods (Khatri et al., 2012). Once the research community addresses the challenges to 
collectively improve the specificity and sensitivity of methods, a better understanding of 
biological systems will be afforded.  
HYPOTHESES AND OBJECTIVES 
 Based on the evidence and arguments reported therein, this thesis aims to test the 
following hypotheses: 
a. Cinachyrella spp. will show variation in gene expression levels between 
untreated and differentially treated crude oil and dispersant samples, 
i. Cinachyrella spp. field samples will be dosed with water-
accommodated fractions (WAF) of crude oil, chemically-enhanced 
water-accommodated fractions (CE-WAF) of crude oil and 
dispersant, and dispersant fractions in aquaculture to test 
bioaccumulation of pollutants 
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ii. Total RNA will be isolated from untreated and treated 
Cinachyrella spp. samples for Illumina RNA-sequencing and 
transcriptome analysis 
iii. Techniques for analyzing sponge-specific gene transcript will be 
optimized  and evaluated for potential to serve as biomarkers of 
pollution 
b. Gene functional classification and metabolic pathway analysis will reveal 
that Cinachyrella spp. has the propensity to serve as a useful biological 
bioindicator for environmental pollution 
i. Generate gene functional class assignments using KAAS and 
KEGG pathways for sponge-specific gene transcripts  
ii. Explore KEGG BRITE hierarchies for gene classifications, toxins 
and carcinogenic compounds as well as metabolic pathway 
assignments for xenobiotic biodegradation and metabolism  
MATERIALS AND METHODS 
Collection and Preparation of Sponges 
15 Cinachyrella spp. sponges of similar size were collected by SCUBA from the 
first reef system in Hollywood, Florida by a Nova Southeastern University 
Oceanographic Center (NSUOC) owned and operated research vessel. The dive site 
coordinates were 26.051425’ N and 080.112141’ W. Sponges were cut from the base 
using a dive knife and specimens were placed in Nasco Whirl-pak sample bags 
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underwater. Seawater was also collected by a hand pump aboard the research vessel in 
two 40-liter plastic carboys from the sampling site to supply each experimental aquarium.  
Sponge samples were transported in a closed 5-gallon bucket with seawater to 
Florida International University’s (FIU) wet laboratory for aquaculture dosing 
experiments. The laboratory included an integrated closed circulating aquaria system 
fabricated by AquaLogic, Inc. (California), that allowed precise control and maintenance 
of temperatures and lighting. 4 separate experimental aquariums were designated for the 
following treatments: Control, WAF, CE-WAF, and Dispersant-Only. 20-liters of 
collected seawater were dispensed from a carboy into Control aquarium. Of the 15 
sponges, 14 sponges were placed in a holding tank on a polyvinyl chloride (PVC) pipe-
raised plastic grid and acclimated for one day in aquaculture prior to treatment exposure 
(refer to Figure 7). The remaining sponge was frozen and stored at -80°C for archival 
purposes.  
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Each experimental tank was treated as a closed-system under continuous aeration 
to maintain oxygen levels. In addition, the sponges were exposed to a diel cycle of 
artificial lighting, 12 hrs of light and 12 hrs of dark, during the duration of the experiment 
in order to model natural circadian rhythm. Each tank heating element was set to 82°F to 
model current field conditions. 
Preparation of WAF, CE-WAF and Dispersant-Only Solution 
Selecting the appropriate concentrations of crude oil and dispersant for 
preparation of the WAF, CE-WAF, and dispersant solution was somewhat ambiguous 
since there have been no similarly designed toxicological studies utilizing marine 
 
Figure 7- Cinachyrella spp.-Sponges collected for experimental aquaculture 
dosing studies 
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sponges. In addition, the volume of Macondo crude oil for testing was very limited 
(Figure 8), and in order to preserve sample volume for use in replicate studies, selecting a 
conservative concentration was imperative. Choosing a sublethal concentration was also 
important so that biological response to the toxicants could be quantified.  
In a tank enclosure study to measure microbial response to crude oil and 
dispersant, it was found that concentrations of 0.3 ppm dispersant and 3.0 ppm crude oil 
was enough to induce changes in bacterial population growth (Lee et al., 1985). In 
addition, acute and chronic toxicities of crude oil and Corexit 9500 to the green hydra 
(Hydra viridissima) were determined and reports show that the lethal concentration, 50% 
(LC50) at 96 hr of exposure to Corexit 9500 alone was 2.3 ppm and 0.1 ppm for both 
WAFs and CE-WAFs (Mitchell & Holdway, 2000). Given the findings, it was therefore 
postulated that a concentration of 0.5 ppm crude oil may be adequate enough to elicit a 
response within a larger organism, the sponge host and resident microbes, without 
causing lethality. CROSERF  (“Chemical Response to Oil Spills: Ecological Effects 
Research Forum”), a conclusive report to standardize analytical laboratory procedures in 
testing the toxicity and environmental effects of dispersants and dispersed oil in oil spill 
responses, states that dispersed oil solutions were tested using an oil:dispersant ratio of 
10:1 (Aurand & Coelho, 2005); this guideline was followed in preparation of the CE-
WAF, and the representative dispersant volume was kept constant in preparation of the 
dispersant-only solution.  
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WAFs of crude oil and CE-WAFs of crude oil and dispersant were prepared the 
day of sponge collections and 24 hrs prior to treatment exposure. The WAF, CE-WAF, 
and dispersant were prepared in 20-liter glass aspirator bottles (Figure 9) with attached 
and clamped Tygon tubing using the protocol outlined in CROSERF (Aurand & Coelho, 
2005). The WAF was prepared by adding 4.07 grams of weighed crude oil to 20-liters of 
collected seawater in a 20-liter glass aspirator bottle. The WAF was mixed on a stir plate 
using a 2” Teflon stir bar at 240 revolutions per minute (rpm) for 24 hrs. The CE-WAF 
was prepared by adding 4.00 grams of weighed crude oil plus 0.42 grams of weighed 
Corexit 9500to 20-liters of collected seawater in a 20-liter glass aspirator bottle. The CE-
WAF was mixed on a stir plate using a 2” Teflon stir bar at 240 rpm for 21 hrs and 
allowed a settling time of 3 hrs as outlined in the CROSERF manual. The dispersant-only 
 
Figure 8- Macondo crude oil used in the aquaculture dosing studies 
 
 
  
44 
 
solution was prepared by adding 0.42 grams of weighed Corexit 9500to 20-liters of 
collected seawater in a 20-liter glass aspirator bottle and mixed on a stir plate using a 2” 
Teflon stir bar at 240 rpm for 24 hrs. 700 mL samples of each prepared solution (WAF, 
CE-WAF, and dispersant-only) were taken at 0 hr and 24 hr time points for PAH analysis 
to determine hydrocarbon and extended isomer concentration.   
 
Sponge Exposure to Macondo Crude Oil and Corexit® 9500 
At the end of the 24 hr mixing and settling time for the prepared solutions, each 
20-liter aspirator bottle was carefully transported to the wet lab. The clamp was removed 
from the Tygon tubing to allow each solution to gravity flow into the designated 
experimental tank. The flow for each solution was stopped at the surface slick to prevent 
residual crude oil and/or dispersant from seeping into the homogenous solution. Once the 
 
Figure 9- Preparation of the dispersant-only, CE-WAF and WAF solutions 
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solutions were dispensed, 20-liters of collected seawater were poured into the Control 
tank. After tank seawater and prepared solution temperatures had reached 82°F, sponge 
specimens (n=3) were quickly moved from the holding tank and randomly assigned to 
each experimental tank. WAF and CE-WAF experimental tanks were covered with 
plastic wrap to minimize loss of important volatiles.  
2 sponges (X1 C0 S1 4AUG11 and X1 C0 S2 4AUG11) were immediately 
sacrificed as 0 hr, initial time point samples; each sponge was quartered using a flame-
sterilized knife. 3 pieces were flash frozen in liquid nitrogen (LN2) and stored at -80°C 
for DNA and RNA work and the latter piece, an archived sample. The remaining piece 
was halved for separate histological processes, transmission and scanning electron 
microscopy (TEM/SEM) and fluorescence in-situ hybridization (FISH), and stored at 4°C 
in 2% glutaraldehyde and sodium cacodylate buffer and 4% paraformaldehyde (PFA) 
fixative with a 70% exchange with ethanol for FISH after 24 hrs, respectively. 1 sponge 
was removed from each experimental tank at time points t=1 hr, t=8 hr and t=24 hr and 
processed as described above for each sponge.  
Total RNA Isolation, Purification and RNA Quality Scoring  
RNA extractions were performed using the protocol outlined in the Porifera Tree 
of Life project (PorToL) and purified using Qiagen’s RNeasy Mini kit. Sponge samples 
processed for RNA and subsequent transcriptome sequencing for characterization in this 
thesis include the following samples: X1 D24 S11 5AUG11, X1 OD24 S12 5AUG11, X1 
O24 S13 5AUG11, and Smith_5, an environmental control field sample collected on 17-
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8-2011 from the same relative collection area as the experimental sponges and 
immediately frozen at -80°C. 
An autoclaved and -80°C frozen mortor was placed on dry ice in a cooler and LN2 
was poured from a dewar into the mortor and allowed to sublimate three times. Using a 
flame-sterilized scalpel, each sponge sample was cut into small pieces in separate petri 
dishes to aid tissue homogenization for RNA extraction. Each sample was processed 
separately and quickly in order to avoid thawing the tissue and causing sample 
degradation. The sample was then placed in the frozen mortor and LN2 was poured over 
the sample to freeze the tissue. Using an autoclaved and frozen pestle, the sample was 
ground into a fine powder and then placed into 1.5 mL microcentrifuge tubes. 1 gram of 
ground tissue was weighed using an analytical balanced and placed on dry ice for RNA 
extraction. 
3 mL of TRIzol® Reagent was used per 1 gram of sample for tissue 
homogenization and lysis. The tissue and TRIzol® mixture was vortexed for 5 minutes at 
maximum speed. 200 µL of chloroform/mL of TRIzol® was added to the sample tubes 
and vortexed for 15 seconds at maximum speed. The sample tubes were then incubated at 
room temperature for 3 minutes, and placed into a 4°C chilled centrifuge and centrifuged 
at 12,000xg for 15 minutes. After centrifugation, the top aqueous layer was transferred 
into new 1.5 mL microcentrifuge tubes containing 500 µL isopropanol/mL of TRIzol®, 
briefly mixed and incubated for 10 minutes at room temperature. Following incubation, 
the sample tubes were centrifuged at 12,000xg for 10 minutes at 4°C. After 
centrifugation, the liquid was decanted into a waste container and the pellets were washed 
with 200 µL of 75% RNAse-free ethanol. The sample tubes were then centrifuged for 5 
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minutes at 7,500xg at 4°C. After centrifugation, the aqueous phase was pipetted and 
discarded as waste. The pellet was then allowed to air dry on ice for 15 minutes in a 
biosafety cabinet.  
The RNA was then dissolved in 100 µL of RNAse-free water by careful pipetting 
and subsequent incubation for 10 minutes at 55°C on a heat block. After the RNA was 
dissolved in water, it was purified using the RNeasy Total RNA Cleanup Protocol. 350 
µL of Qiagen’s Buffer RLT was added and mixed by careful pipetting. 250 µL of 100% 
molecular grade ethanol was then added and mixed by pipetting. The 700 µL volume of 
sample was then added to an RNeasy MinElute spin column. The column was closed and 
then rolled and inverted several times before centrifuging at room temperature for 15 
seconds at 8,000xg. The flow-through was discarded as waste and then 500 µL of Buffer 
RPE was added to the spin column. The column was closed and then rolled and inverted 
several times and then centrifuged for 15 seconds at room temperature at 8,000xg. The 
flow-through was decanted into a waste beaker and then 500 µL of 80% molecular grade 
ethanol was added to the spin column. Again, the column was closed and then rolled and 
inverted several times and then centrifuged for 2 minutes at room temperature at 8,000xg. 
The flow-through was discarded and the spin column was placed into a new 2 mL 
collection tube provided with the kit. With the lid of the spin column open, the sample 
was centrifuged at 15,000xg for 5 minutes to allow the spin column membrane to dry. 
The flow-through and collection tube were discarded as waste, and the spin column was 
placed into a new 1.5 mL microcentrifuge tube and 200 µL of RNase-free water was 
added directly to the center of the membrane. The sample was incubated at room 
temperature for 3 minutes before centrifuging the spin column for 1 minute at 15,000xg.  
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The purified RNA sample was then quantified and assessed for purity and 
integrity using the Nanodrop 1000 Spectrophotometer and the Agilent 2200 Tapestation. 
After the Nanodrop 1000 was blanked using RNAase-free water, 1 µL of purified RNA 
sample was added to the pedestal and scored. The sample concentrations and integrity 
values assessed by the Nanodrop 1000 are reported in Table 1 in the Results section. 
The RNA samples were also quality tested on the Agilent 2200 Tapestation in 
order to determine the success of cDNA library construction for downstream RNA-
sequencing application. The Tapestation determines RNA quality by the relative ratio of 
fast zone signal to 18S peak signal and presents the results as the RIN equivalent (RIN
e
). 
The values presented are between 1 and 10, where 10 is the highest quality of RNA and 1 
is completely degraded RNA. Using the Agilent R6K ScreenTape kit, 4 µL of R6K 
Sample Buffer was mixed with 1 µL RNA sample and then heat denatured at 72°C for 3 
minutes. The samples were then placed on ice for 2 minutes and briefly centrifuged to 
collect the contents in the base of the tubes. The samples were then loaded into the 2200 
Tapestation, given unique identifiers and quality scored by the machine. The RNA 
quality scores designated by the Tapestation are given in Table 2 in the Results section. 
In addition, the Tapestation utilizes electrophoresis to analyze the RNA sample 
and provides RNA quality by gel image. The gel image (Figure 10 in the Results section) 
displays the separation profile of each sample showing 28S, 18S, small rRNAs and lower 
marker. The representative electropherogram of total RNA for each sample displays the 
28S and 18S peaks. The graphs for each individual sample are displayed in Figures 11a 
and 11b in the Results section. 
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Illumina cDNA Library Construction and RNA-Sequencing 
 The purified total RNA samples were prepared and shipped to The Genomic 
Sciences Laboratory (GSL) at North Carolina State University in Raleigh, North Carolina 
for cDNA library creation and transcriptome sequencing. Total RNA samples were 
prepared using the guidelines specified by the Sample Submission form from GSL. The 
TruSeq Sample Preparation Kit was utilized to prepare the total RNA samples for next-
generation sequencing. The TruSeq kit contains adapters containing unique index 
sequences that are ligated to sample fragments at the beginning of the library construction 
process (Illumina, 2011). The mRNA from the total RNA samples was purified using 
poly-A selection, then chemically fragmented and converted to single-stranded cDNA 
using random hexamer priming (Illumina, 2011). The second strand was then generated 
to create double-stranded cDNA for incorporation into the library construction workflow. 
In order to ligate the sequences to the sequencing adapters, blunt-end DNA fragments 
were created using fill-in reactions and exonuclease activity. An ‘A’-base was then added 
to the blunt ends of each DNA fragment and ligated to the sequencing adapters 
containing complementary ‘T’-base overhangs; the adapters contain the full complement 
of sequencing primer hybridization sites for single, paired-end, and multiplexed reads 
(Illumina, 2011). The final product was then heat-denatured and amplified for 
downstream pooling and sequencing.  
 The pooled libraries were then amplified on the cBot. cBot isothermically 
amplifies cDNA fragments that have been captured by complementary adapter 
oligonucleotides covalently bound to the surface of Illumina flow cells (Illumina, 2012). 
“Flow cells facilitate access of bound DNA to enzymes while ensuring high stability of 
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surface-bound template and low non-specific binding of fluorescently-labeled 
nucleotides” (Illumina, 2012). Attached DNA fragments were then extended and bridge 
amplified using two-dimensional PCR to create hundreds of millions of identical copies 
of a single template per cluster (Illumina, 2012). The sequencing primers were then 
annealed to the clusters on the flow cells and sequenced using Illumina’s GAIIx 
sequencing system.  
 The sample, “Smith_5”, was processed using the paired-end module, which 
allows for resynthesis of the reverse strand and regenerates clusters for a second read 
from the reverse strand of the fragment in order to greatly increase the number of reads 
and precision of alignment. The other samples, X1 O24, X1 D24, and X1 OD24, were 
processed using the single-end read run type. Using the GAIIx, the first base is extended, 
read, deblocked to remove the fluorophore, and repeated to extend the full length of the 
strand. The Sequencing Control Software (SCS) and Consensus Assessment of Sequence 
and Variation (CASAVA) software programs then convert raw image data into intensity 
scores, base calls, quality scored alignments, and additional formats for downstream 
analysis (Illumina, 2012). The raw data was delivered in the form of FastQ files, a text-
based format for storing nucleotide sequence data and its corresponding quality scores, 
containing qualities in the standard Sanger scale. The raw FastQ data was then submitted 
to Ocean Ridge Biosciences (ORB) in Jupiter, FL for downstream processing and de 
novo transcriptome assembly.  
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De novo Transcriptome Assembly 
 Sequence data processing and assembly was performed by Ocean Ridge 
Biosciences in Jupiter, FL. The Illumina GAIIx sequencing data was directly imported 
into CLC bio’s Genomic Workbench, a user-friendly, bioinformatic cross-platform 
desktop application, for analyzing and visualizing the sequencing data and assembling the 
de novo transcriptome. The sequence files exported from the GAIIx pipeline software 
were parsed by Genomics Workbench and then organized using the De Novo Assembly 
Wizard. The algorithm behind the Wizard component constructed contigs using the two 
paired FastQ files from the paired-end run of the sample Smith_5 to create a reference 
transcriptome. The other sample FastQ files, X1 D24, X1 O24, and X1 OD24, as well as 
the two paired FastQ files, Smith_5_1.fastq and Smith_5_2.fastq, were then mapped back 
to the contig sequences.  
CLC bio’s de novo assembly works by using de Brujin graphs, a compact 
representation based on short words that is ideal for high coverage, very short read data 
sets (Zerbino & Birney, 2008).  A table is constructed of all sub-sequences of a certain 
word length found in the reads, and the best word length for the data is selected. The non-
redundant database in GenBank, the National Institute of Health’s genetic sequence 
database containing annotated collections of all publicly available DNA sequences, and 
the National Center for Biotechnology Information’s (NCBI) tblastx, a translated basic 
local alignment search tool to search translated nucleotide databases using a translated 
nucleotide query, were used to search for similar sequences to the given contigs and the 
annotation from the top hit, or match, with the lowest e-value, or expect value, a 
parameter that describes the number of hits one can “expect” to see by chance when 
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searching for a database of a particular size, was assigned to the query contig. To contain 
the best mapping percentage, the “N” at the first position of each sequence for  X1 D24, 
X1 O24, and X1 OD24 was trimmed in the FastQ files and then the sequences were 
aligned back to the contigs using TopHat 2.0, a fast splice junction mapper for aligning 
RNA-seq reads (Trapnell, Pachter, & Salzberg, 2009). Single-end alignment was 
performed for X1 D24, X1 O24, and X1 OD24 and paired-end alignment was processed 
for Smith_5_1.fastq, and Smith_5_2.fastq. 
The fragments per kilobase of transcript per million mapped reads (FPKM) counts 
were generated by Cufflinks 2.0, an open-source software program that assembles 
transcripts, estimates their abundances, and tests for differential expression and regulation 
in RNA-seq samples (Trapnell, et al., 2010). The FPKM counts were then normalized to 
reads per kilobase of transcript per million mapped reads (RPKM) because the FPKM is 
based on alignment length for each contig, and since the relative expression of a 
transcript is proportional to the number of cDNA fragments that originate from it, paired-
end reads produce two reads per fragment, but that doesn’t necessitate mapability of both 
reads (Trapnell, et al., 2012). When FPKM is normalized to RPKM, it eliminates 
differences in alignment length and reads of poor quality.  
The RPKM values were then filtered to retain a list of genes with a minimum of 
approximately 50 mapped reads in one or more of the samples. The threshold on 50 
mapped reads is considered the Reliable Quantification Threshold (RQT), since the 
FPKM values for a gene represented by 50 reads should be reproducible in technical 
replicates (Ocean Ridge Biosciences, 2012). In order to identify differential expression of 
genes, statistical analyses were performed to calculate the max fold change in contig-
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level gene expression using Gaussian-based ANOVA analysis in CLC Genomics 
Workbench. The values calculated were designated with either a 2-fold increase (red) or 
2-fold decrease (green) in expression. 
Bioinformatics  
 Gene Cluster 3.0, an open source clustering software, was downloaded for gene 
expression data analysis using Microsoft Windows. To view the clustering results 
generated by Cluster 3.0, Java TreeView 1.0, an open source, cross-platform gene 
expression visualization tool, was downloaded for Microsoft Windows. A tab-delimited 
text file containing filtered transcriptome data for contigs with fold changes across all 
samples (483 total contigs), was uploaded to Cluster. The data was normalized using the 
following operations: log transform all values, genes median centered for 5 adjust cycles, 
and genes normalized for 5 cycles. Hierarchical clustering was then performed on the 
normalized data. The genes were clustered and default settings were used to calculate 
weights based on correlation-centered similarity metrics. Average linkage clustering was 
used for analysis and a text output file was created. The output file was automatically 
read in TreeView for graphical representation.  
 The National Institute on Aging’s web-based Array Analysis tool was used to find 
major patterns of variability in gene expression using Principal Component Analysis 
(PCA) and biplot. The same data input file that was uploaded to Cluster was uploaded to 
the NIA Array Analysis tool and then analyzed. No statistics were performed since the 
dataset contained no sample replicates. A covariance matrix type for PCA was selected 
and values were centered. The default settings based on the input data were selected for 
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PCA. The default PCA parameters selected included the following: number of principal 
components (3), fold-change threshold for clusters (2), correlation threshold for clusters 
(0.7), ‘483 significant genes’ selected for genes to analyze, ‘all genes’ selected for gene 
number to display, and PCA by ‘Probe ID’ was selected. A pair of biplot graphs and a set 
of graphs for PC-based clustering of genes were generated. 
 Web-based KEGG Automatic Annotation Server (KAAS) was used for ortholog 
assignment and pathway mapping. KAAS provides functional annotation of genes by 
BLAST comparisons against the manually curated KEGG GENES database. The results 
contain KO (KEGG Orthology) assignments and automatically generated KEGG 
pathways. A KAAS job request using the single-directional best hit (SBH) method to 
assign orthologs was chosen, and a file containing the transcriptome data for the contigs 
containing fold changes across all samples (483 contigs) was uploaded to the server. The 
following manually annotated organisms were chosen as reference genomes within 
KEGG GENES database: Amphimedon queenslandica (marine sponge), Caenorhabditis 
elegans (nematode), Hydra magnipapillata (hydrozoan), Monosiga brevicollis (marine 
choanoflagellate), Nematostella vectensis (sea anemone), and Strongylocentrotus 
purpuratus (purple sea urchin). The output was generated in html format and retrieved 
from the server for export to Microsoft Excel for further analysis. 
 Novel transcript data generated was directly submitted to the GenBank sequence 
database using Tbl2asn, a command-line program that automates the creation of sequence 
records for large batches of sequences. A submission template file, nucleotide sequence 
data in FASTA format, and a feature table file containing annotation information were 
generated. Additional guidelines for submission requirements and formatting can be 
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accessed at the following NCBI webpage: 
http://www.ncbi.nlm.nih.gov/genbank/tbl2asn2. 
RESULTS 
RNA Quality Scoring 
The RNA concentration values were not consistent between the two methods used 
for assessing RNA quantity and quality for X1 D24, X1 OD24,  X1 O24 or Smith_5. 
Samples X1 D24, X1 OD24, and X1 O24 all had reportedly higher concentration values 
when analyzed using the Agilent 2200 Tapestation versus the Nanodrop 1000 (Table 1); 
Smith_5 had a lower reported value on the Agilent 2200 Tapestation versus the Nanodrop 
1000 (Table 2). 
 
 
 
 
 
Sample ID 
Sample 
Concentration 
[ng/µL] 
A260 A280 A260/A280 A260/A230 
X1 D24 104.13 2.603 1.389 1.87 2.17 
X1 OD24 92.58 2.314 1.097 2.11 2.01 
X1 O24 108.76 2.719 1.339 2.03 2.29 
Smith_5 103.20 2.580 1.283 2.01 2.04 
 
Table 1- Nanodrop 1000 Spectrophotometer RNA Concentration and Quality 
Results 
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Although the results are conflicting, the Agilent 2200 Tapestation is far more superior in 
performance and accuracy when it comes to sample quality control. Regardless of the 
difference, the reported RINe values for all samples were high (Table 2), meaning that the 
RNA samples were of very good quality and not degraded. In addition, gel 
electrophoresis results from the Agilent 2200 Tapestation show two distinct 28S/18S 
rRNA bands for all samples, meaning that all samples are of good quality RNA (Figure 
10). 
 
 
 
 
Sample ID RIN
e
 
28S/18S 
(height) 
Sample 
Concentration 
[ng/µl] 
Observations 
Ladder - - 33.3 Ladder 
X1 D24 9.1 1.51 1180 
RNA 
concentration 
outside 
recommended 
range for RIN
e
 
X1 OD24 8.9 1.57 311 - 
X1 O24 8.0 13.85 1470 
RNA 
concentration 
outside 
recommended 
range for RIN
e
 
Smith_5 9.0 1.37 81.1 - 
 
Table 2- Agilent 2200 Tapestation RNA Concentration and Quality Results 
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The electropherograms for each sample show clear, well defined 28S and 18S peaks with 
a low 5S peak (Figure s 11a and 11b). The 28S rRNA peak is nearly double the size of 
the 18S rRNA peak with a relatively flat baseline between the 5S and 18S ribosomal 
peaks for all RNA samples, indicating high quality RNA. 
 
 
 
 
 
 
 
Figure 10- Agilent 2200 Tapestation gel image of RNA samples (A0: 
Ladder, A2: X1 D24, B2: X1 OD24, C2: X1 O24, D2: Smith_5) 
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A. X1 D24 
 
B. X1 OD24 
 
Figure 11a- Agilent 2200 Tapestation electropherogram of total RNA from sponge 
samples A. X1 D24 and B. X1 OD24 
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Illumina RNA Sequences and De Novo Transcriptome Assembly 
 A total of over 9.3 GB of Illumina GAIIx RNA-sequencing reads were received 
from GSL at North Carolina State University (Raleigh, NC). The Smith_5 sample 
resulted in 2.9 GB of reads in each direction across approximately 4.9 million high 
quality reads. The other samples were processed using single-end reads. The resulting 
 
C. X1 O24 
 
 
D. Smith_5 
 
Figure 11b- Agilent 2200 Tapestation electropherogram of total RNA from sponge 
samples C. X1 O24 and D. Smith_5 
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number of reads per sample is displayed in Table 3. The data was downloaded in FastQ 
format from a File Transfer Protocol (FTP) server. 
 
The raw sequencing data was then sent to Ocean Ridge Biosciences (Jupiter, FL) 
in FastQ format for de novo transcriptome assembly and preliminary analyses (see 
Materials and Methods section). Because of its higher coverage, the sequencing data from 
Smith_5 was used as the source for the assembly of full-length transcript sequences, and 
the other four samples, X1 D24, X1 O24 and X1 OD24, were mapped back to the contig 
sequences (Table 4). 
 
Sample ID Reads Passed 
X1 D24 11,306,714 
X1 OD24 9,337,055 
X1 O24 8,640,148 
Smith_5 42,925,932 
 
Table 3- Number of Reads Passing the Filter Reported by North 
Carolina State University (Raleigh, NC) 
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The de novo assembly algorithm constructs a table of all sub-sequences of the 
best word length (Table 5) found between all reads and then uses those best word length 
sequences to assign gene annotations from BLAST searches.  
 
 
Sample 
R1 reads 
processed 
R1 reads 
with at 
least one 
reported 
alignment 
R1 reads 
that failed 
to align 
R1 
alignment 
percentage 
Total 
aligned 
reads 
Smith_5 
39,547,843 31,394,037 8,153,806 79.38% 
39,547,843 
R2 reads 
processed 
R2 reads 
with at 
least one 
reported 
alignment 
R2 reads 
that failed 
to align 
R2 
alignment 
percentage 
39,547,843 31,394,037 8,153,806 79.38% 
X1 D24 11,306,088 2,856,100 8,499,988 25.26% 2,856,100 
X1 O24 8,639,894 2,290,367 6,349,527 26.51% 2,290,367 
X1 OD24 9,336,739 2,576,903 6,759,836 27.60% 2,576,903 
 
Table 4- RNA Sample Quality Control Reported by Ocean Ridge 
Biosciences (Jupiter, FL) 
 
 
 
K-mer (word) 20 30 35 40 50 
N75 450 495 487 459 396 
N50 1136 1164 1127 1043 858 
N25 2272 2195 2120 1987 1672 
Minimum 200 200 200 200 200 
Maximum 20020 20229 14559 14286 12703 
Average 701 729 714 681 603 
Count 39271 39880 39075 38512 34974 
 
Table 5- Best Word Length (30) Comparison Reported by Ocean Ridge 
Biosciences (Jupiter, FL) 
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The assembled transcriptome was used as a reference for alignment and counting of the 
reads from each sample, Smith_5, X1 D24, X1 O24, and X1 OD24 (refer to the Materials 
and Methods section). A total of 34,147 contigs were annotated, and the RPKM values, 
fold-changes, and annotation information are provided in an Excel table for contig-level 
gene expression data (refer to Appendix 1 for complete dataset). 
Additional filtering was performed to extract the contigs with fold changes in 
gene expression across all transcripts. Therefore, transcripts with no expression level 
changes across all samples were eliminated. Each transcript was checked using a macro 
in Microsoft Excel to confirm correct filtering parameters were applied. A total number 
of 483 contigs were extracted and analyzed.  
Hierarchical Gene Clustering using Cluster 3.0 
Gene expression profiling of RNA from X1 D24, X1 O24, X1 OD24, and 
Smith_5 revealed differential expression of 483 genes that have fold changes and exist in 
all samples using Cluster 3.0 software (Figure 12). The arrangement of gene clusters 
produced by hierarchical clustering is shown and a dendrogram is constructed using Java 
TreeView 1.0 software. Sample clustering reveals that X1 O24 and Smith_5 are more 
closely related to each other than to either X1 OD24 or X1 D24. Hierarchical gene 
clustering with the average linkage method showed samples clustered into four main 
groups (Figure 12; see Appendix 2 for a detailed list of genes affected). The cluster 
results are graphically represented as a heat map where a two-color spectrum represents 
high (red) to low (green) expression levels. 
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4 distinct clades show further branching of 8 groups with sub-branching of 
clusters forming leaf nodes. Within these 8 subgroups, there are 27 transcripts identified 
that comprise a specific function and have significant relative expression level responses 
to different treatments as evidenced by the color scale bar (Figure 13).  
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Figure 12- Heat map generated by 
Gene Cluster 3.0 displaying 
differentially expressed genes 
affected by crude oil and dispersant 
exposure at t=24 hr as indicated in 
the log2-transformed scale bar. Red 
indicates relative increased gene 
expression, green denotes decreased 
expression, and black denotes 
median to no change in expression. 
The dendrogram is divided into 2 
distinct clades: clade 1exhibits an 
overall relative down-regulation in 
the control (Smith_5) sample while 
clade 2 displays an overall relative 
up-regulation in expression in the 
control sample. 
Refer to Appendix 2 for a detailed 
list of genes affected and log2-
transformed expression values. 
 
1 
 
2 
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Contig ID Gene Description X1_D24 X1_OD24 X1_O24 
Contig_2570 
PREDICTED: SLIT-ROBO Rho GTPase-activating 
protein 3 isoform 1 
      
Contig_5213 Rab2       
Contig_3210 PREDICTED: Ras GTPase-activating protein 1-like       
Contig_1882 
PREDICTED: Hypoxia-inducible factor 1-alpha 
inhibitor-like 
      
Contig_3142 PREDICTED: Ras-related protein Rab-9A-like       
Contig_8990 Protein kinase domain-containing protein       
Contig_34 Beta actin-1       
Contig_30763 Diguanylate cyclase       
Contig_11832 Glyceraldehyde -3-phosphate dehydrogenase       
Contig_3193 PREDICTED: Ras-related protein Rab-7a-like       
Contig_2107 
PREDICTED: Multidrug resistance protein 3-like 
partial 
      
Contig_3567 PREDICTED: Ras-related protein Rab-5C-like       
Contig_5751 Silicatein alpha       
Contig_11858 Heat shock protein 90       
Contig_67 
PREDICTED: Ras GTPase-activating-like protein 
IQGAP1 
      
Contig_818 Protein tyrosine kinase       
Contig_3136 Protein tyrosine kinase       
Contig_4830 Small GTPase Rac protein 1       
Contig_2150 Ras protein       
Contig_670 Gelsolin       
Contig_19303 Actin       
Contig_1745 Ubiquitin       
Contig_102 Heat shock protein 70       
Contig_138 Heat shock protein 70       
Contig_80 Actin       
Contig_2304 PREDICTED: TNF receptor-associated factor 2-like       
Contig_81 Villin       
 
Figure 13- Relative differential expression patterns of significant genes after exposure 
to crude oil and dispersant at t=24 hrs; green indicates down-regulation, red indicates 
up-regulation and black denotes median change in expression  
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Interestingly, out of the 27 identified contigs, 13 of the contigs have different 
functional gene annotations provided by KAAS and the KEGG GENES database (Table 
6). The gene annotation procedure performed during de novo transcriptome assembly 
shows the % sequence identity of the contig and reference organism whereas the KAAS 
annotation procedure does not (Table 6). 
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Table 6-Differences in contig functional gene annotation by the de novo 
transcriptome assembly process and KAAS 
Contig ID 
de novo 
Transcriptome 
Assembly Gene 
Annotation 
%  
Identity 
to Ref 
Organism 
BLAST Ref 
Organism 
KAAS Gene 
Annotation 
Contig_19303 Actin 99.0% 
Blastodinium 
crassum 
(dinoflagellate) 
AFG3 family 
protein 
Contig_1882 
PREDICTED: 
Hypoxia-inducible 
factor 1-alpha 
inhibitor-like 
75.0% 
Amphimedon 
queenslandica 
(marine sponge) 
glycyl-tRNA 
synthetase 
Contig_3567 
PREDICTED: Ras-
related protein Rab-
5C-like 
74.0% 
Amphimedon 
queenslandica 
(marine sponge) 
peroxiredoxin 5, 
atypical 2-Cys 
peroxiredoxin 
Contig_3210 
PREDICTED: Ras 
GTPase-activating 
protein 1-like 
52.0% 
Amphimedon 
queenslandica 
(marine sponge) 
SEL1 protein 
Contig_2107 
PREDICTED: 
Multidrug resistance 
protein 3-like partial 
83.0% 
Amphimedon 
queenslandica 
(marine sponge) 
UMP-CMP kinase 
Contig_67 
PREDICTED: Ras 
GTPase-activating-
like protein IQGAP1 
56.0% 
Amphimedon 
queenslandica 
(marine sponge) 
filamin 
Contig_81 Villin 60.0% 
Capsaspora 
owczarzaki (amoeba) 
furin 
Contig_2570 
PREDICTED: 
SLIT-ROBO Rho 
GTPase-activating 
protein 3 isoform 1 
31.0% 
Cricetulus griseus                          
(hamster) 
U6 snRNA-
associated Sm-
like protein LSm5 
Contig_11858 
Heat shock protein 
90 
81.0% 
Crypthecodinium 
cohnii 
(dinoflagellate) 
furin 
Contig_80 Actin 96.0% 
Discodermia sp.                        
(marine sponge) 
solute carrier 
family 38 
(sodium-coupled 
neutral amino acid 
transporter), 
member 7/8 
Contig_138 
Heat shock protein 
70 
86.0% 
Hymeniacidon sp.                     
(marine sponge) 
myosin-light-
chain kinase  
Contig_670 Gelsolin 78.0% 
Suberites domuncula                   
(marine sponge) 
RanBP-type and 
C3HC4-type zinc 
finger-containing 
protein 1 
Contig_2150 Ras protein 79.0% 
Suberites domuncula                      
(marine sponge) 
RYK receptor-like 
tyrosine kinase 
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Principal Component Analysis using NIA Array Analysis Tool 
 The NIA Array Analysis Tool generated a biplot to visually explore associations 
between samples and expressed genes. Genes that are more expressed in those samples 
are located in the same area of the graph (Figure 14). 
 
Levels of gene expression correspond to the color intensity scale with average increasing 
expression trending from blue to red (Figure 14). Each gene plot is hyperlinked to its 
annotation and histogram that show details of expression pattern across each sample. 
 
 
 
Figure 14-A biplot showing genes (plots) that are more expressed in those samples 
(X1 D24, X1 O24, X1 OD24, or Smith_5) which are located in the same area of 
the graph by NIA Array Analysis Tool 
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 Principal component-based clustering shows a distinct pattern of gene expression. 
PC1 shows that samples X1 D24, X1 OD24, and X1 O24 are more closely associated in 
expression patterns than Smith_5 (Figure 15A). PC1 displays that 81% of all genes are 
negatively expressed with no genes positively expressed (Figure 15A). PC2 shows that 
expression patterns for samples X1 D24, X1 OD24, and Smith_5 are similar and in the 
positive direction (Figure 15B). PC2 shows that X1 O24 is negatively expressed and has 
a greater number of genes expressed in the negative (n=31) rather than positive (n=11) 
direction. PC3 has more genes expressed in the positive direction (n=22) than negative 
(n=3). PC3 reveals that X1 D24 is highly expressed in the positive direction while X1 
OD24 and X1 O24 are expressed in the negative direction (Figure 15C). Smith_5 is 
shows a slightly positive pattern of gene expression (Figure 15C).  
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KEGG Orthology System, BRITE Hierarchies, and Pathway Assignments 
 The filtered transcript data containing 483 contigs was uploaded to KAAS (see 
Bioinformatics in the Materials and Methods section) and the KEGG Orthology (KO) 
system assigned the genes KO identifiers, or K numbers, which are unique identifier to 
orthologous genes in manually selected reference genome. Once genes are assigned K 
numbers in the annotation procedure, BRITE functional hierarchies, KEGG modules, and 
metabolic pathway assignments based on manually defined KEGG pathway nodes and 
BRITE hierarchy nodes for ortholog groups are automatically generated. The manually 
selected reference genomes for analysis included the following six reference genomes: 
 
Principal Components  Positive Direction  Negative Direction  
 
Legend: Gray lines = Centered gene intensity Red line = Average 
Figure 15-Principal component-based clustering to analyze gene expression 
profiles of sponges exposed to crude oil and dispersant over a 24 hr time period 
by NIA array analysis tool. The NIA Array Analysis tool identifies two clusters 
associated with a given pattern: genes positively and negatively correlated with 
the pattern.  
 
A 
 
B 
 
C 
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Amphimedon queenslandica (marine sponge), Caenorhabditis elegans (nematode), Hydra 
magnipapillata (hydrozoan), Monosiga brevicollis (marine choanoflagellate), 
Nematostella vectensis (sea anemone), and Strongylocentrotus purpuratus (purple sea 
urchin) (refer to Appendix 3 for a complete list of ortholog annotations). Out of the 483 
contigs uploaded, only 155 contigs were assigned KO identifiers, or K numbers (Table 
7a-g). Annotation results are dependent upon on the availability of complete genomes 
and known functions of genes and proteins organized in the KO database. If the contig 
sequence has sequence similarity scores and best hit relations to an uncharacterized or 
hypothetical gene product, no gene annotation is provided and subsequently, no K 
number is assigned. 
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Table 7a-KEGG Orthology functional annotation of genes 
Contig ID K # Gene ID KEGG Gene Description 
Contig_36 K15712  TTC3 E3 ubiquitin-protein ligase TTC3 
Contig_44 K01596  
E4.1.1.32, 
pckA, 
PEPCK 
phosphoenolpyruvate carboxykinase 
(GTP) 
Contig_48 K09275  TFCP2 
transcription factor CP2 and related 
proteins 
Contig_67 K04437  FLNA filamin 
Contig_69 K05857  PLCD 
phosphatidylinositol phospholipase C, 
delta 
Contig_79 K16449  RGS regulator of G-protein signaling 
Contig_80 K14994  SLC38A7_8 
solute carrier family 38 (sodium-coupled 
neutral amino acid transporter), member 
7/8 
Contig_81 K01349  
FURIN, 
PCSK3 
furin 
Contig_85 K05692  ACTB_G1 actin beta/gamma 1 
Contig_93 K02264  COX5a cytochrome c oxidase subunit 5a 
Contig_108 K00933  E2.7.3.2 creatine kinase 
Contig_119 K07976  RAB Rab family, other 
Contig_120 K10743  RNASEH2A ribonuclease H2 subunit A 
Contig_138 K00907  MYLK myosin-light-chain kinase 
Contig_162 K03175  TRAF6 TNR receptor-associated factor 6 
Contig_190 K06071  PKN protein kinase N 
Contig_204 K01027  OXCT 3-oxoacid CoA-transferase 
Contig_226 K01074  PPT palmitoyl-protein thioesterase 
Contig_251 K01365  CTSL cathepsin L 
Contig_258 K04506  SIAH1 E3 ubiquitin-protein ligase SIAH1 
Contig_270 K03781  
katE, CAT, 
catB, srpA 
catalase 
Contig_292 K13499  CHSY chondroitin sulfate synthase 
Contig_333 K13524  ABAT 
4-aminobutyrate aminotransferase / (S)-
3-amino-2-methylpropionate 
transaminase 
Contig_335 K01596  
E4.1.1.32, 
pckA, 
PEPCK 
phosphoenolpyruvate carboxykinase 
(GTP) 
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Table 7b-KEGG Orthology functional annotation of genes 
Contig ID K # Gene ID KEGG Gene Description 
Contig_385 K06236  COL1AS 
collagen, type 
I/II/III/V/XI/XXIV/XXVII, alpha 
Contig_417 K10591  
NEDD4, 
RSP5 
E3 ubiquitin-protein ligase NEDD4 
Contig_423 K09204  KLF1_2_4 krueppel-like factor 1/2/4 
Contig_430 K09276  
YBX1, 
NSEP1 
Y-box-binding protein 1 
Contig_444 K11665  
INO80, 
INOC1 
DNA helicase INO80 
Contig_581 K03243  EIF5B translation initiation factor 5B 
Contig_613 K13411  
DUOX, 
THOX 
dual oxidase 
Contig_628 K07750  
E1.14.13.72, 
SC4MOL, 
ERG25 
methylsterol monooxygenase 
Contig_670 K10630  
RBCK1, 
HOIL1 
RanBP-type and C3HC4-type zinc 
finger-containing protein 1 
Contig_702 K12462  
ARHGDI, 
RHODGI 
Rho GDP-dissociation inhibitor 
Contig_717 K00327  E1.6.2.4 NADPH-ferrihemoprotein reductase 
Contig_753 K12041  
SLC9A6_7, 
NHE6_7 
solute carrier family 9 
(sodium/hydrogen exchanger), 
member 6/7 
Contig_777 K04488  iscU, nifU 
nitrogen fixation protein NifU and 
related proteins 
Contig_799 K09097  ARNT 
aryl hydrocarbon receptor nuclear 
translocator 
Contig_804 K09444  IRF1 interferon regulatory factor 1 
Contig_842 K05094  FGFR3 fibroblast growth factor receptor 3 
Contig_843 K04527  INSR insulin receptor 
Contig_931 K06114  SPTA spectrin alpha 
Contig_981 K15712  TTC3 E3 ubiquitin-protein ligase TTC3 
Contig_1010 K05629  AIP1 atrophin-1 interacting protein 1 
Contig_1058 K12669  
OST3, 
OST6 
oligosaccharyltransferase complex 
subunit gamma 
Contig_1096 K07374  TUBA tubulin alpha 
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Table 7c-KEGG Orthology functional annotation of genes 
Contig ID K # Gene ID KEGG Gene Description 
Contig_1123 K00814  GPT, ALT alanine transaminase 
Contig_1155 K06068  NPKC novel protein kinase C 
Contig_1185 K11835  
USP4_11_15, 
UBP12 
ubiquitin carboxyl-terminal hydrolase 
4/11/15 
Contig_1219 K01931  NEUR protein neuralized 
Contig_1321 K06689  
UBE2D_E, 
UBC4, 
UBC5 
ubiquitin-conjugating enzyme E2 D/E 
Contig_1367 K08489  STX16 syntaxin 16 
Contig_1391 K03174  TRAF3 TNR receptor-associated factor 3 
Contig_1429 K07901  
RAB8A, 
MEL 
Ras-related protein Rab-8A 
Contig_1435 K04630  GNAI 
guanine nucleotide-binding protein 
G(i) subunit alpha 
Contig_1497 K05546  GANAB alpha 1,3-glucosidase 
Contig_1501 K05399  LBP lipopolysaccharide-binding protein 
Contig_1508 K04733  IRAK4 
interleukin-1 receptor-associated 
kinase 4 
Contig_1529 K07881  RAB14 Ras-related protein Rab-14 
Contig_1554 K00294  E1.5.1.12 
1-pyrroline-5-carboxylate 
dehydrogenase 
Contig_1579 K15336  
TRDMT1, 
DNMT2 
tRNA (cytosine38-C5)-
methyltransferase 
Contig_1585 K04392  RAC1 
Ras-related C3 botulinum toxin 
substrate 1 
Contig_1656 K06675  SMC4 
structural maintenance of 
chromosome 4 
Contig_1658 K03099  SOS son of sevenless 
Contig_1685 K11599  
POMP, 
UMP1 
proteasome maturation protein 
Contig_1691 K09518  DNAJB12 
DnaJ homolog subfamily B member 
12 
Contig_1704 K07611  LMNB lamin B 
Contig_1709 K08860  EIF2AK3 
eukaryotic translation initiation factor 
2-alpha kinase 3 
Contig_1743 K01079  serB, PSPH phosphoserine phosphatase 
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Table 7d-KEGG Orthology functional annotation of genes 
Contig ID K # Gene ID KEGG Gene Description 
Contig_1806 K01895  ACSS, acs acetyl-CoA synthetase 
Contig_1822 K16312  
STK40, 
SHIK 
serine/threonine-protein kinase 40 
Contig_1882 K01880  GARS, glyS1 glycyl-tRNA synthetase 
Contig_1912 K03936  NDUFS3 
NADH dehydrogenase (ubiquinone) 
Fe-S protein 3 
Contig_1978 K11835  
USP4_11_15, 
UBP12 
ubiquitin carboxyl-terminal hydrolase 
4/11/15 
Contig_1979 K11835  
USP4_11_15, 
UBP12 
ubiquitin carboxyl-terminal hydrolase 
4/11/15 
Contig_2018 K08656  DPP9 dipeptidyl-peptidase 9 
Contig_2058 K02602  ORB oo18 RNA-binding protein 
Contig_2093 K01915  glnA glutamine synthetase 
Contig_2107 K13800  
CMPK1, 
UMPK 
UMP-CMP kinase 
Contig_2150 K05128  RYK RYK receptor-like tyrosine kinase 
Contig_2171 K05236  COPA 
coatomer protein complex, subunit 
alpha (xenin) 
Contig_2175 K01581  
E4.1.1.17, 
ODC1, speC, 
speF 
ornithine decarboxylase 
Contig_2235 K03174  TRAF3 TNR receptor-associated factor 3 
Contig_2323 K03036  
PSMD11, 
RPN6 
26S proteasome regulatory subunit N6 
Contig_2414 K01068  E3.1.2.2 palmitoyl-CoA hydrolase 
Contig_2458 K12837  U2AF2 splicing factor U2AF 65 kDa subunit 
Contig_2556 K12819  SLU7 pre-mRNA-processing factor SLU7 
Contig_2570 K12624  LSM5 
U6 snRNA-associated Sm-like protein 
LSm5 
Contig_2827 K05970  
E3.1.1.53, 
SIAE 
sialate O-acetylesterase 
Contig_2903 K03843  ALG2 
alpha-1,3/alpha-1,6-
mannosyltransferase 
Contig_2927 K03456  PPP2R1 
protein phosphatase 2 (formerly 2A), 
regulatory subunit A 
Contig_2937 K02738  PSMB6 20S proteasome subunit beta 1 
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Table 7e-KEGG Orthology functional annotation of genes 
Contig ID K # Gene ID KEGG Gene Description 
Contig_3003 K12191  CHMP2A 
charged multivesicular body protein 
2A 
Contig_3108 K09848  TRAF4 TNF receptor-associated factor 4 
Contig_3176 K12323  
ANPRA, 
NPR1 
atrial natriuretic peptide receptor A 
Contig_3183 K08601  
CYLD, 
USLP2 
ubiquitin thioesterase CYLD 
Contig_3210 K14026  
SEL1, 
SEL1L 
SEL1 protein 
Contig_3255 K00121  
frmA, 
ADH5, adhC 
S-(hydroxymethyl)glutathione 
dehydrogenase / alcohol 
dehydrogenase 
Contig_3339 K13190  RBM15 RNA-binding protein 15 
Contig_3414 K07935  RABL5 Rab-like protein 5 
Contig_3450 K05760  PXN paxillin 
Contig_3473 K16175  SCRIB protein scribble 
Contig_3485 K15503  ANKRD44 
serine/threonine-protein phosphatase 6 
regulatory ankyrin repeat subunit B 
Contig_3550 K04634  GNAQ 
guanine nucleotide-binding protein 
G(q) subunit alpha 
Contig_3567 K11187  PRDX5 
peroxiredoxin 5, atypical 2-Cys 
peroxiredoxin 
Contig_3626 K00850  pfkA, PFK 6-phosphofructokinase 1 
Contig_3634 K07213  
ATOX1, 
ATX1, copZ 
copper chaperone 
Contig_3751 K00814  GPT, ALT alanine transaminase 
Contig_3781 K00953  FLAD1 FAD synthetase 
Contig_3861 K01365  CTSL cathepsin L 
Contig_3870 K15717  K15717  
prostamide/prostaglandin F2alpha 
synthase 
Contig_3896 K15102  
SLC25A3, 
PHC, PIC 
solute carrier family 25 (mitochondrial 
phosphate transporter), member 3 
Contig_3980 K01251  
E3.3.1.1, 
ahcY 
adenosylhomocysteinase 
Contig_4101 K12035  TRIM71 tripartite motif-containing protein 71 
Contig_4130 K10408  DNAH dynein heavy chain, axonemal 
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Table 7f-KEGG Orthology functional annotation of genes 
Contig ID K # Gene ID KEGG Gene Description 
Contig_4132 K11984  
SART1, 
HAF, 
SNU66 
U4/U6.U5 tri-snRNP-associated protein 1 
Contig_4150 K11876  
PSMG2, 
PAC2 
proteasome assembly chaperone 2 
Contig_4187 K11997  TRIM2_3 tripartite motif-containing protein 2/3 
Contig_4512 K04345  PKA protein kinase A 
Contig_4608 K13105  PRCC proline-rich protein PRCC 
Contig_4639 K07565  NIP7 
60S ribosome subunit biogenesis protein 
NIP7 
Contig_5080 K08495  
GOSR1, 
GOS1 
golgi SNAP receptor complex member 1 
Contig_5105 K00717  FUT8 glycoprotein 6-alpha-L-fucosyltransferase 
Contig_5303 K10249  ELOVL4 
elongation of very long chain fatty acids 
protein 4 
Contig_5440 K11429  SUV420H 
histone-lysine N-methyltransferase 
SUV420H 
Contig_5508 K12840  
RBM17, 
SPF45 
splicing factor 45 
Contig_5707 K06776  PTPRK 
protein tyrosine phosphatase, receptor type, 
K 
Contig_5897 K04984  
TRPA1, 
ANKTM1 
transient receptor potential cation channel 
subfamily A member 1 
Contig_6839 K14856  
SDA1, 
SDAD1 
protein SDA1 
Contig_6861 K15537  AGMO alkylglycerol monooxygenase 
Contig_6897 K01365  CTSL cathepsin L 
Contig_7009 K05658  ABCB1 
ATP-binding cassette, subfamily B 
(MDR/TAP), member 1 
Contig_7181 K11262  ACAC 
acetyl-CoA carboxylase / biotin 
carboxylase 
Contig_7978 K11593  ELF2C eukaryotic translation initiation factor 2C 
Contig_8343 K11320  EP400 E1A-binding protein p400 
Contig_8589 K15692  
RNF13, 
RZF 
E3 ubiquitin-protein ligase RNF13 
Contig_8791 K04423  
MAP3K12, 
MUK 
mitogen-activated protein kinase kinase 
kinase 12 
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KEGG BRITE hierarchies show functional pathway-based gene and protein 
classifications using the K number. The BRITE hierarchy classifications that contain 
gene and protein assignments for the filtered transcript data set include: Metabolism, 
Genetic Information Processing, Environmental Information Processing, and Cellular 
Processes. The Metabolism hierarchy holds 69% of all gene functional annotations, while 
Genetic Information Processing contains 17%, Cellular Processes, 11%, and 
Table 7g-KEGG Orthology functional annotation of genes 
Contig ID K # Gene ID KEGG Gene Description 
Contig_9100 K03130  TAF5 
transcription initiation factor TFIID 
subunit 5 
Contig_9220 K12035  TRIM71 tripartite motif-containing protein 71 
Contig_10257 K01104  E3.1.3.48 protein-tyrosine phosphatase 
Contig_10278 K00734  B3GALT6 
galactosylxylosylprotein 3-beta-
galactosyltransferase 
Contig_10421 K02211  CDK9 cyclin-dependent kinase 9 
Contig_11062 K11974  RNF31 E3 ubiquitin-protein ligase RNF31 
Contig_11307 K08764  
SCP2, 
SCPX 
sterol carrier protein 2 
Contig_11447 K03783  punA purine-nucleoside phosphorylase 
Contig_11858 K01349  
FURIN, 
PCSK3 
furin 
Contig_12005 K12382  
PSAP, 
SGP1 
saposin 
Contig_12014 K08504  BET1 blocked early in transport 1 
Contig_12986 K04427  
MAP3K7, 
TAK1 
mitogen-activated protein kinase kinase 
kinase 7 
Contig_13725 K05868  CCNB cyclin B 
Contig_16881 K04527  INSR insulin receptor 
Contig_19303 K08956  AFG3 AFG3 family protein 
Contig_22668 K12868  SYF2 pre-mRNA-splicing factor SYF2 
Contig_24904 K01915  glnA glutamine synthetase 
Contig_28904 K05681  ABCG2 
ATP-binding cassette, subfamily G 
(WHITE), member 2 
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Environmental Information Processing, 3%. Each hierarchy consists of multiple sub-
categories containing specific information regarding gene assignments based on function. 
The Metabolism hierarchy encompasses the vast majority of gene annotations and 
contains the most diversity among sub-categories. The Metabolism Enzyme sub-category 
comprises 70% of all annotations, while Protein Kinases contain 11%, Peptidases, 10%, 
and Glycosyltransferases, Lipid Biosynthesis Proteins, and Amino Acid Related Proteins, 
3%. Enzyme subclasses contained within the 70% population include Transferases 
(40%), Hydrolases (25%), Ligases (16%), Oxioreductases (15%), and Lyases (4%). 
Figure 16 shows the breakdown of enzyme subclasses containing gene annotations.  
 
 
Figure 16-KEGG BRITE Metabolism Hierarchy: Metabolic enzyme subclasses 
containing gene annotations 
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Table 8a-g shows all subcategories within the Metabolism hierarchy and 
annotations for identified transcripts. Identified transcript annotations for the Genetic 
Information Processing hierarchy and corresponding sub-categories are displayed in 
Table 9a-c. Lastly, gene and protein assignments for identified transcripts in the 
Environmental Information Processing and Cellular Processes hierarchies and associated 
sub-sections can be found in Table 10 and Table 11, respectively.  
 
Table 8a-KEGG BRITE Metabolism hierarchy and sub-categories with annotated 
transcripts 
Protein Families: Metabolism Contig ID K # 
Enzymes     
Oxioreductases     
catalase Contig_270 K03781 
NAD(P)H oxidase Contig_613 K13411 
catalase-peroxidase Contig_613 K13411 
methylsterol monooxygenase Contig_628 K07750 
NADPH---hemoprotein reductase Contig_717 K00327 
1-pyrroline-5-carboxylate dehydrogenase Contig_1554 K00294 
NADH:ubiquinone reductase (H+-
translocating) 
Contig_1912 K03936 
NADH dehydrogenase Contig_1912 K03936 
alcohol dehydrogenase Contig_3255 K00121 
S-(hydroxymethyl)glutathione dehydrogenase Contig_3255 K00121 
peroxiredoxin Contig_3567 K11187 
prostamide/prostaglandin F2alpha synthase Contig_3870 K15717 
alkylglycerol monooxygenase Contig_6861 K15537 
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Table 8b-KEGG BRITE Metabolism hierarchy and sub-categories with annotated 
transcripts 
Protein Families: Metabolism Contig ID K # 
Enzymes     
Transferases     
creatine kinase    Contig_108 K00933 
myosin-light-chain kinase    Contig_138 K00907 
protein kinase C   Contig_190 K06071 
3-oxoacid CoA-transferase    Contig_204 K01027 
glucuronosyl-N-acetylgalactosaminyl-proteoglycan 4-
beta-N-acetylgalactosaminyltransferase    
Contig_292 K13499 
N-acetylgalactosaminyl-proteoglycan 3-beta-
glucuronosyltransferase    
Contig_292 K13499 
4-aminobutyrate transaminase    Contig_333 K13524 
(S)-3-amino-2-methylpropionate transaminase    Contig_333 K13524 
receptor protein-tyrosine kinase   Contig_842 K05094 
receptor protein-tyrosine kinase   Contig_843 K04527 
alanine transaminase    Contig_1123 K00814 
protein kinase C   Contig_1155 K06068 
non-specific serine/threonine protein kinase  Contig_1508 K04733 
tRNA (cytosine38-C5)-methyltransferase      Contig_1579 K15336 
non-specific serine/threonine protein kinase  Contig_1709 K08860 
non-specific serine/threonine protein kinase  Contig_1822 K16312 
UMP/CMP kinase    Contig_2107 K13800 
phosphotransferase       Contig_2107 K13800 
receptor protein-tyrosine kinase   Contig_2150 K05128 
GDP-Man:Man1GlcNAc2-PP-dolichol alpha-1,3-
mannosyltransferase      
Contig_2903 K03843 
GDP-Man:Man2GlcNAc2-PP-dolichol alpha-1,6-
mannosyltransferase    
Contig_2903 K03843 
6-phosphofructokinase     Contig_3626 K00850 
alanine transaminase    Contig_3751 K00814 
FAD synthetase    Contig_3781 K00953 
cAMP-dependent protein kinase   Contig_4512 K04345 
glycoprotein 6-alpha-L-fucosyltransferase      Contig_5105 K00717 
histone-lysine N-methyltransferase      Contig_5440 K11429 
mitogen-activated protein kinase kinase kinase Contig_8791 K04423 
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Table 8c-KEGG BRITE Metabolism hierarchy and sub-categories with annotated 
transcripts 
Protein Families: Metabolism Contig ID K # 
Enzymes     
Transferases     
cyclin-dependent kinase    Contig_10421 K02211 
[RNA-polymerase]-subunit kinase    Contig_10421 K02211 
propanoyl-CoA C-acyltransferase      Contig_11307 K08764 
purine-nucleoside phosphorylase    Contig_11447 K03783 
mitogen-activated protein kinase kinase kinase Contig_12986 K04427 
receptor protein-tyrosine kinase   Contig_16881 K04527 
Hydrolases     
phosphoinositide phospholipase C Contig_69 K05857 
furin Contig_81 K01349 
ribonuclease H Contig_120 K10743 
palmitoyl[protein] hydrolase Contig_226 K01074 
cathepsin L Contig_251 K01365 
DNA helicase Contig_444 K11665 
ubiquitin thiolesterase Contig_1185 K11835 
glucan 1,3-alpha-glucosidase Contig_1497 K05546 
phosphoserine phosphatase Contig_1743 K01079 
ubiquitin thiolesterase Contig_1978 K11835 
ubiquitin thiolesterase Contig_1979 K11835 
dipeptidyl-peptidase IV Contig_2018 K08656 
palmitoyl-CoA hydrolase Contig_2414 K01068 
palmitoyl-CoA hydrolase Contig_2827 K05970 
proteasome endopeptidase complex Contig_2937 K02738 
ubiquitin thiolesterase Contig_3183 K08601 
cathepsin L Contig_3861 K01365 
adenosylhomocysteinase Contig_3980 K01251 
protein-tyrosine-phosphatase Contig_5707 K06776 
cathepsin L Contig_6897 K01365 
protein-tyrosine-phosphatase Contig_10257 K01104 
furin Contig_11858 K01349 
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Table 8d-KEGG BRITE Metabolism hierarchy and sub-categories with annotated 
transcripts 
Protein Families: Metabolism Contig ID K # 
Enzymes     
Lyases     
phosphoenolpyruvate carboxykinase (GTP) Contig_44 K01596 
phosphoenolpyruvate carboxykinase (GTP) Contig_335 K01596 
ornithine decarboxylase Contig_2175 K01581 
guanylate cyclase Contig_3176 K12323 
Ligases     
ubiquitin---protein ligase Contig_36 K15712 
ubiquitin---protein ligase Contig_258 K15712 
ubiquitin---protein ligase Contig_417 K15712 
ubiquitin---protein ligase Contig_981 K15712 
ubiquitin---protein ligase Contig_1219 K15712 
ubiquitin---protein ligase Contig_1321 K15712 
acetate---CoA ligase Contig_1806 K01895 
glycine---tRNA ligase Contig_1882 K01880 
glutamate---ammonia ligase Contig_2093 K01915 
biotin carboxylase Contig_7181 K11262 
acetyl-CoA carboxylase Contig_7181 K11262 
ubiquitin---protein ligase Contig_8589 K15712 
ubiquitin---protein ligase Contig_11062 K15712 
glutamate---ammonia ligase Contig_24904 K01915 
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Table 8e-KEGG BRITE Metabolism hierarchy and sub-categories with annotated 
transcripts 
Protein Families: Metabolism Contig ID K # 
Enzymes     
Protein kinases     
Serine/threonine protein kinases: AGC group     
PKN family Contig_190 K06071 
PKC family Contig_1155 K06068 
PKA family Contig_4512 K04345 
Serine/threonine protein kinases: CAMK group     
MLCK family Contig_138 K00907 
Other families Contig_1822 K16312 
Serine/threonine protein kinases: CMGC group     
CDK family Contig_10421 K02211 
Serine/threonine protein kinases: TKL group     
IRAK family Contig_1508 K04733 
MLK family Contig_8791 K04423 
MLK family Contig_12986 K04427 
Serine/threonine protein kinases: Others     
PEK family Contig_1709 K08860 
Tyrosine protein kinases     
FGFR family Contig_842 K05094 
InsR family Contig_843 K04527 
PYK family Contig_2150 K05128 
InsR family Contig_16881 K04527 
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Table 8f-KEGG BRITE Metabolism hierarchy and sub-categories with annotated 
transcripts 
Protein Families: Metabolism Contig ID K # 
Enzymes     
Peptidases     
Cysteine Peptidases     
Family C1: papain family Contig_251 K01365 
Family C19: ubiquitin-specific protease family Contig_1185 K11835 
Family C19: ubiquitin-specific protease family Contig_1978 K11835 
Family C19: ubiquitin-specific protease family Contig_1979 K11835 
Family C67 Contig_3183 K08601 
Family C1: papain family Contig_3861 K01365 
Family C1: papain family Contig_6897 K01365 
Metallo Peptidases     
Family M41: FtsH endopeptidase family Contig_19303 K08956 
Serine Peptidases     
Family S8: subtilisin family Contig_81 K01349 
Family S9: prolyl oligopeptidase family Contig_2018 K08656 
Family S8: subtilisin family Contig_11858 K01349 
Threonine Peptidases     
Family T1: proteasome family Contig_2937 K02738 
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Table 8g-KEGG BRITE Metabolism hierarchy and sub-categories with annotated 
transcripts 
Protein Families: Metabolism Contig ID K # 
Enzymes     
Glycosyltransferases     
N-Glycan biosynthesis     
Dol-linked oligosaccharide Contig_2903 K03843 
Glycan extension     
O-Glycan Contig_292 K13499 
N-Glycan  Contig_5105 K00717 
O-Glycan Contig_10278 K00734 
Lipid Biosynthesis Proteins     
Fatty acid synthase     
Component type Contig_226 K01074 
Component type Contig_2414 K01068 
Elongase     
PUFA Contig_5303 K10249 
Acyl-CoA synthetase     
Short/medium chain acyl-CoA synthetase Contig_1806 K01895 
Amino acid related     
Aminoacyl-tRNA synthetase     
Class II (G/C) Contig_1882 K01880 
Aminotransferase (transaminase)     
Class III Contig_333 K13524 
Class I Contig_1123 K00814 
Class I Contig_3751 K00814 
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Table 9a-KEGG BRITE Genetic Information Processing hierarchy and sub-categories 
with annotated transcripts 
Protein Families: Genetic Information 
Processing 
Contig ID K # 
Transcription Factors   
Eukaryotic type-Basic helix-loop-helix (bHLH)   
Factors with PAS domain Contig_799 K09097 
Eukaryotic type-Zinc finger   
Cys2His2 developmental/cell cycle regulators, 
Krueppel-like 
Contig_423 K09204 
Eukaryotic type-Helix-turn-helix   
Tryptophan clusters interferon-regulating factors Contig_804 K09444 
Eukaryotic type-beta-Scaffold factors with minor 
groove contacts 
  
Grainyhead Contig_48 K09275 
Cold-shock domain factors, YB-1/DbpB-like Contig_430 K09276 
Transcription Machinery   
Eukaryotic type   
Coactivators-BAF/PBAF complex Contig_85 K05692 
Basal transcription factors-TFIID Contig_9100 K03130 
Coactivators-SAGA/TFTC/STAGA complex Contig_9100 K03130 
Other transcription-related factors-Super elongation 
complex (SEC) 
Contig_10421 K02211 
Other transcription-related factors-Brd4/P-TEFb 
complex 
Contig_10421 K02211 
Other transcription-related factors-7SK RNP 
complex 
Contig_10421 K02211 
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Table 9b-KEGG BRITE Genetic Information Processing hierarchy and sub-categories 
with annotated transcripts 
Protein Families: Genetic Information 
Processing Contig ID K # 
Spliceosome     
Common components     
General mRNP proteins Contig_430 K09276 
Complex A     
U2 related factors Contig_2458 K12837 
U2 related factors Contig_5508 K12840 
Complex B     
U2 related factors Contig_2458 K12837 
LSm proteins Contig_2570 K12624 
U4/U6.U5 tri-snRNP specific factors Contig_4132 K11984 
Prp19-related factors Contig_4608 K13105 
U2 related factors Contig_5508 K12840 
Prp19-related factors Contig_22668 K12868 
Complex C     
Step II factors Contig_2556 K12819 
U4/U6.U5 tri-SnRNP specific factors Contig_4132 K11984 
Prp19-related factors Contig_22668 K12868 
Other splicing related proteins     
RNA binding proteins (RBPs) Contig_3339 K13190 
 
 
  
88 
 
 
Table 9c-KEGG BRITE Genetic Information Processing hierarchy and sub-categories 
with annotated transcripts 
Protein Families: Genetic Information 
Processing 
Contig ID K # 
Transfer RNA biogenesis     
Eukaryotic type     
tRNA modification factors-methyltransferases Contig_1579 K15336 
Aminoacyl-tRNA synthetases (AARSs)-other 
AARSs 
Contig_1882 K01880 
Translation factors     
Eukaryotic type     
Initiation factors-eIF-5 Contig_581 K03243 
SNAREs     
Syntaxin (Qa)     
Stx-TGN/EE Contig_1367 K08489 
SNAP-25[N] (Qb)     
Gos1 (Gos28) Contig_5080 K08495 
SNAP-25[C] (Qc)     
Bet1 Contig_12014 K08504 
Proteasome     
Eukaryotic proteasome     
Regulatory particles-PA700 (19S proteasome)-non-
ATPase subunits 
Contig_2323 K03036 
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Table 10-KEGG BRITE Environmental Information Processing hierarchy and sub-
categories with annotated transcripts 
Protein Families: Environmental Information 
Processing 
Contig ID K # 
Transporters     
ABC Transporters, Eukaryotic Type     
ABCB (MDR/TAP) subfamily-ABCB1, 4, 5, 11 
subgroups 
Contig_7009 K05658 
ABCG (White) subfamily-ABCG2, 3 subgroups Contig_28904 K05681 
Solute Carrier Family     
SLC38: System A and System N sodium-coupled 
netural amino acid transporter 
Contig_80 K14994 
SLC9: Na+/H+ exchanger Contig_753 K12041 
SLC25: Mitochondrial carrier Contig_3896 K15102 
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Table 11-KEGG BRITE Cellular Processes hierarchy and sub-categories with 
annotated transcripts 
Protein Families: Cellular Processes Contig ID K # 
Enzyme-linked receptors     
Receptor tyrosine kinases     
RTK class IV (FGF receptor family) Contig_842 K05094 
RTK class II (Insulin receptor family) Contig_843 K04527 
RTK class XVI (RYK receptor family) Contig_2150 K05128 
RTK class II (Insulin receptor family) Contig_16881 K04527 
Cytokine receptors     
Receptor tyrosine kinase     
RTK class IV (FGF receptor family) Contig_842 K05094 
RTK class II (Insulin receptor family) Contig_843 K04527 
RTK class XVI (RYK receptor family) Contig_2150 K05128 
RTK class II (Insulin receptor family) Contig_16881 K04527 
Ion channels     
Related to voltage-gated cation channels     
Transient receptor potential family, TRPA 
(ANKTM1) 
Contig_5897 K04984 
GTP-Binding Proteins     
Heterotrimeric G-proteins-Alpha Subunits     
Alpha type 1 (Gi) Contig_1435 K04630 
Alpha type 3 (Gq) Contig_3550 K04634 
Small (Monomeric) G-protein     
Others-lower eukaryotes Contig_119 K07976 
Rab Family-Rab8/10/13 Contig_1429 K07901 
Rab Family-Rab2/4/14 Contig_1529 K07881 
Rho Family-Rac/Cdc42 Contig_1585 K04392 
Rab-like Contig_3414 K07935 
Cellular Antigens     
CD (clusters of differentiation) molecules Contig_842 K05094 
CD (clusters of differentiation) molecules Contig_843 K04527 
CD (clusters of differentiation) molecules Contig_7009 K05658 
CD (clusters of differentiation) molecules Contig_16881 K04527 
CD (clusters of differentiation) molecules Contig_28904 K05681 
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The KEGG Pathway database is a collection of manually drawn pathway maps 
representing knowledge on the molecular interaction and reaction networks for the 
following categorical datasets: Metabolism, Genetic Information Processing, 
Environmental Information Processing, Cellular Processes, Organismal Systems, Human 
Diseases, and Drug Development. The uploaded dataset contains KEGG pathway maps 
for the following networks: Metabolism, Genetic Information Processing, Environmental 
Information Processing, and Cellular Processes. The dataset yielded 186 KEGG pathway 
maps for biological interpretation (Table 12a-f). Of the 186 pathway maps generated, the 
pathway with the highest number of hits, or associated K numbers, was ‘Metabolic 
Pathways’ with a total of 31 transcripts. (Refer to Appendix 4 for a complete list of 
pathway descriptions with transcript annotations).  
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Table 12a-KEGG pathway descriptions containing transcript annotation matches 
Pathway 
ID Pathway Description  
# of 
hits 
ko01100 Metabolic pathways 31 
ko01110 Biosynthesis of secondary metabolites 8 
ko04010 MAPK signaling pathway 8 
ko01120 Microbial metabolism in diverse environments 8 
ko04151 PI3K-Akt signaling pathway 8 
ko05169 Epstein-Barr virus infection 7 
ko05200 Pathways in cancer 7 
ko04510 Focal adhesion 7 
ko05160 Hepatitis C 6 
ko04141 Protein processing in endoplasmic reticulum 6 
ko04620 Toll-like receptor signaling pathway 6 
ko04810 Regulation of actin cytoskeleton 6 
ko03040 Spliceosome 6 
ko05203 Viral carcinogenesis 5 
ko04530 Tight junction 5 
ko04270 Vascular smooth muscle contraction 5 
ko04064 NF-kappa B signaling pathway 5 
ko04062 Chemokine signaling pathway 5 
ko04722 Neurotrophin signaling pathway 5 
ko05142 Chagas disease (American trypanosomiasis) 5 
ko05132 Salmonella infection 5 
ko00680 Methane metabolism 5 
ko05168 Herpes simplex infection 5 
ko04540 Gap junction 5 
ko04910 Insulin signaling pathway 5 
ko04310 Wnt signaling pathway 5 
ko05164 Influenza A 4 
ko04670 Leukocyte transendothelial migration 4 
ko05016 Huntington's disease 4 
ko05133 Pertussis 4 
ko04020 Calcium signaling pathway 4 
ko00510 N-Glycan biosynthesis 4 
ko00010 Glycolysis / Gluconeogenesis 4 
ko04380 Osteoclast differentiation 4 
ko04520 Adherens junction 4 
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Table 12a-KEGG pathway descriptions containing transcript annotation matches 
Pathway 
ID Pathway Description  
# of 
hits 
ko01100 Metabolic pathways 31 
ko01110 Biosynthesis of secondary metabolites 8 
ko04010 MAPK signaling pathway 8 
ko01120 Microbial metabolism in diverse environments 8 
ko04151 PI3K-Akt signaling pathway 8 
ko05169 Epstein-Barr virus infection 7 
ko05200 Pathways in cancer 7 
ko04510 Focal adhesion 7 
ko05160 Hepatitis C 6 
ko04141 Protein processing in endoplasmic reticulum 6 
ko04620 Toll-like receptor signaling pathway 6 
ko04810 Regulation of actin cytoskeleton 6 
ko03040 Spliceosome 6 
ko05203 Viral carcinogenesis 5 
ko04530 Tight junction 5 
ko04270 Vascular smooth muscle contraction 5 
ko04064 NF-kappa B signaling pathway 5 
ko04062 Chemokine signaling pathway 5 
ko04722 Neurotrophin signaling pathway 5 
ko05142 Chagas disease (American trypanosomiasis) 5 
ko05132 Salmonella infection 5 
ko00680 Methane metabolism 5 
ko05168 Herpes simplex infection 5 
ko04540 Gap junction 5 
ko04910 Insulin signaling pathway 5 
ko04310 Wnt signaling pathway 5 
ko05164 Influenza A 4 
ko04670 Leukocyte transendothelial migration 4 
ko05016 Huntington's disease 4 
ko05133 Pertussis 4 
ko04020 Calcium signaling pathway 4 
ko00510 N-Glycan biosynthesis 4 
ko00010 Glycolysis / Gluconeogenesis 4 
ko04380 Osteoclast differentiation 4 
ko04520 Adherens junction 4 
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Table 12b-KEGG pathway descriptions containing transcript annotation matches 
Pathway 
ID Pathway Description  
# of 
hits 
ko04145 Phagosome 4 
ko05162 Measles 4 
ko04728 Dopaminergic synapse 4 
ko04724 Glutamatergic synapse 4 
ko04727 GABAergic synapse 4 
ko00330 Arginine and proline metabolism 4 
ko04144 Endocytosis 4 
ko04120 Ubiquitin mediated proteolysis 4 
ko05010 Alzheimer's disease 4 
ko04914 Progesterone-mediated oocyte maturation 4 
ko05145 Toxoplasmosis 4 
ko04971 Gastric acid secretion 4 
ko00250 Alanine, aspartate and glutamate metabolism 4 
ko04622 RIG-I-like receptor signaling pathway 4 
ko05211 Renal cell carcinoma 3 
ko03050 Proteasome 3 
ko04723 Retrograde endocannabinoid signaling 3 
ko05146 Amoebiasis 3 
ko05152 Tuberculosis 3 
ko04916 Melanogenesis 3 
ko05222 Small cell lung cancer 3 
ko05140 Leishmaniasis 3 
ko04726 Serotonergic synapse 3 
ko05202 Transcriptional misregulation in cancer 3 
ko00062 Fatty acid elongation 3 
ko04972 Pancreatic secretion 3 
ko04142 Lysosome 3 
ko04130 SNARE interactions in vesicular transport 3 
ko04114 Oocyte meiosis 3 
ko04713 Circadian entrainment 3 
ko00640 Propanoate metabolism 3 
ko04730 Long-term depression 3 
ko04976 Bile secretion 3 
ko04912 GnRH signaling pathway 3 
ko05100 Bacterial invasion of epithelial cells 3 
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Table 12c-KEGG pathway descriptions containing transcript annotation matches 
Pathway 
ID Pathway Description  
# of 
hits 
ko00620 Pyruvate metabolism 3 
ko04146 Peroxisome 3 
ko00513 Various types of N-glycan biosynthesis 3 
ko04725 Cholinergic synapse 3 
ko04970 Salivary secretion 2 
ko04745 Phototransduction - fly 2 
ko04650 Natural killer cell mediated cytotoxicity 2 
ko04961 
Endocrine and other factor-regulated calcium 
reabsorption 
2 
ko04115 p53 signaling pathway 2 
ko00532 Glycosaminoglycan biosynthesis - chondroitin sulfate 2 
ko05130 Pathogenic Escherichia coli infection 2 
ko05131 Shigellosis 2 
ko00230 Purine metabolism 2 
ko04066 HIF-1 signaling pathway 2 
ko05416 Viral myocarditis 2 
ko05204 Chemical carcinogenesis 2 
ko04113 Meiosis - yeast 2 
ko05110 Vibrio cholerae infection 2 
ko04720 Long-term potentiation 2 
ko04360 Axon guidance 2 
ko05032 Morphine addiction 2 
ko04320 Dorso-ventral axis formation 2 
ko04962 Vasopressin-regulated water reabsorption 2 
ko05034 Alcoholism 2 
ko05414 Dilated cardiomyopathy 2 
ko03320 PPAR signaling pathway 2 
ko00650 Butanoate metabolism 2 
ko04664 Fc epsilon RI signaling pathway 2 
ko04660 T cell receptor signaling pathway 2 
ko05014 Amyotrophic lateral sclerosis (ALS) 2 
ko00280 Valine, leucine and isoleucine degradation 2 
ko04210 Apoptosis 2 
ko02010 ABC transporters 2 
ko04370 VEGF signaling pathway 2 
ko00190 Oxidative phosphorylation 2 
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Table 12d-KEGG pathway descriptions containing transcript annotation matches 
Pathway 
ID Pathway Description  
# of 
hits 
ko05012 Parkinson's disease 2 
ko05030 Cocaine addiction 2 
ko04111 Cell cycle - yeast 2 
ko00630 Glyoxylate and dicarboxylate metabolism 2 
ko00240 Pyrimidine metabolism 2 
ko04662 B cell receptor signaling pathway 2 
ko04621 NOD-like receptor signaling pathway 2 
ko00982 Drug metabolism - cytochrome P450 1 
ko00380 Tryptophan metabolism 1 
ko00710 Carbon fixation in photosynthetic organisms 1 
ko00100 Steroid biosynthesis 1 
ko04960 Aldosterone-regulated sodium reabsorption 1 
ko02020 Two-component system 1 
ko05412 
Arrhythmogenic right ventricular cardiomyopathy 
(ARVC ) 
1 
ko04930 Type II diabetes mellitus 1 
ko00720 Carbon fixation pathways in prokaryotes 1 
ko05212 Pancreatic cancer 1 
ko00980 Metabolism of xenobiotics by cytochrome P450 1 
ko04630 Jak-STAT signaling pathway 1 
ko00830 Retinol metabolism 1 
ko00562 Inositol phosphate metabolism 1 
ko00061 Fatty acid biosynthesis 1 
ko00534 Glycosaminoglycan biosynthesis - heparan sulfate 1 
ko04666 Fc gamma R-mediated phagocytosis 1 
ko04350 TGF-beta signaling pathway 1 
ko05410 Hypertrophic cardiomyopathy (HCM) 1 
ko04612 Antigen processing and presentation 1 
ko05219 Bladder cancer 1 
ko01040 Biosynthesis of unsaturated fatty acids 1 
ko00260 Glycine, serine and threonine metabolism 1 
ko04340 Hedgehog signaling pathway 1 
ko03015 mRNA surveillance pathway 1 
ko00910 Nitrogen metabolism 1 
ko00760 Nicotinate and nicotinamide metabolism 1 
ko00071 Fatty acid metabolism 1 
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Table 12e-KEGG pathway descriptions containing transcript annotation matches 
Pathway 
ID Pathway Description  
# of 
hits 
ko03030 DNA replication 1 
ko00350 Tyrosine metabolism 1 
ko05220 Chronic myeloid leukemia 1 
ko04742 Taste transduction 1 
ko03013 RNA transport 1 
ko00480 Glutathione metabolism 1 
ko05215 Prostate cancer 1 
ko04920 Adipocytokine signaling pathway 1 
ko00270 Cysteine and methionine metabolism 1 
ko00625 Chloroalkane and chloroalkene degradation 1 
ko04978 Mineral absorption 1 
ko05020 Prion diseases 1 
ko04110 Cell cycle 1 
ko05213 Endometrial cancer 1 
ko04012 ErbB signaling pathway 1 
ko05210 Colorectal cancer 1 
ko05221 Acute myeloid leukemia 1 
ko05120 
Epithelial cell signaling in Helicobacter pylori 
infection 
1 
ko00020 Citrate cycle (TCA cycle) 1 
ko00740 Riboflavin metabolism 1 
ko04740 Olfactory transduction 1 
ko04974 Protein digestion and absorption 1 
ko00310 Lysine degradation 1 
ko04070 Phosphatidylinositol signaling system 1 
ko00590 Arachidonic acid metabolism 1 
ko05323 Rheumatoid arthritis 1 
ko04964 Proximal tubule bicarbonate reclamation 1 
ko00052 Galactose metabolism 1 
ko00533 Glycosaminoglycan biosynthesis - keratan sulfate 1 
ko03022 Basal transcription factors 1 
ko04260 Cardiac muscle contraction 1 
ko00970 Aminoacyl-tRNA biosynthesis 1 
ko05143 African trypanosomiasis 1 
ko05166 HTLV-I infection 1 
ko00030 Pentose phosphate pathway 1 
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DISCUSSION 
Transcriptome Sequences 
 De novo transcriptome assembly provided by Ocean Ridge Biosciences produced 
34, 147 unique transcripts. In order to perform gene expression analysis between 
exposure regimens, transcripts containing no fold change expression data between all 
samples were filtered out of the data set. The resulting data set included 483 transcripts 
containing a 2-fold change higher or lower in expression. Nearly 60% of the 483 
transcripts identified as sponge-related sequences with expression changes between all 
samples. The vast majority of the sequences were annotated as “predicted” or 
“hypothetical” genes which seems logical since sequence data for Cinachyrella spp. is 
severely underrepresented in sequence databases. In order to gain a better understanding 
of the types of genes up-regulated and down-regulated in response to treatment exposure, 
Table 12f-KEGG pathway descriptions containing transcript annotation matches 
Pathway 
ID Pathway Description  
# of 
hits 
ko03018 RNA degradation 1 
ko00051 Fructose and mannose metabolism 1 
ko00072 Synthesis and degradation of ketone bodies 1 
ko00120 Primary bile acid biosynthesis 1 
ko00626 Naphthalene degradation 1 
ko05223 Non-small cell lung cancer 1 
ko05214 Glioma 1 
ko00410 beta-Alanine metabolism 1 
ko05031 Amphetamine addiction 1 
ko04013 MAPK signaling pathway - fly 1 
ko04512 ECM-receptor interaction 1 
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the transcripts were uploaded for cluster analysis to generate phylogenies and a heat map 
of differential expression. 
Gene Cluster and Expression Analysis 
4 distinct clades are populated when a hierarchical clustering relationship between 
differentially expressed genes is generated. The clades are further divided into 8 
subgroups. Within these 8 subgroups, 27 genes were identified that contained 
annotations, comprised a specific function and had significant responses to different 
treatment exposures as evidenced by heat map color designations. Of these 27 genes with 
annotations assigned by the de novo transcriptome assembly process, 13 genes had 
dissimilar gene annotations assigned by KAAS and the KEGG GENES database. In order 
to reconcile the discrepancy in annotation, the % sequence identity of the contig to the 
reference organism as well as the species of the reference organism were investigated 
(refer to Table 6). 5 contigs (contig_1882: hypoxia-inducible factor 1-alpha inhibitor-like, 
contig_3567: Rab-5C-like, contig_3210: Ras GTPase-activating protein 1-like, 
contig_2107: multidrug resistance protein 3-like partial, and contig_67: Ras GTPase-
activating-like protein, IQGAP1) shared 75%, 74%, 52%, 83%, and 56%, respectively, 
sequence identity to Amphimedon queenslandica for the de novo transcriptome assembly 
annotation. The reason the KAAS procedure excluded these reference sequences is 
because they are only “predicted” and the Amphimedon queenslandica genome is only 
partially annotated in the KEGG GENES database. In addition, the de novo process 
showed that contig_80: actin, contig_138: heat shock protein 70, contig_670: gelsolin, 
and contig_2150: Ras protein shared 96%, 86%, 78%, and 79%, respectively, sequence 
identity to the marine sponges, Discodermia sp., Hymeniacidon sp., and Suberities 
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domuncula. The KAAS annotation procedure did not account for these reference 
sequences because the only marine sponge genome annotated within their database is 
Amphimedon queenslandica.  
The de novo process showed that contig_19303: actin and contig_11858: heat 
shock protein 90 shared 99% and 81%, respectively, sequence identity to two 
dinoflagellate species. Lastly, contig_81: villin and contig_2570: SLIT-ROBO Rho 
GTPase-activating protein 3 isoform 1 share 60% sequence identity to an amoeba species 
and 31% sequence identity to the Chinese hamster, Cricetulus griseus, respectively. 
Although the % sequence identity of contig_2570 is low (30%) and the reference 
organism is not an ideal match, the level of confidence in the gene annotation is 
supported by the fact that the annotation given by KAAS (snRNA-associated Sm-like 
protein, LSm5) and by the de novo process (SLIT-ROBO Rho GTPase-activating protein 
3 isoform 1) both contain coding sequence diversity for proteins involved in splicing. 
Given the high degree of sequence similarity for the annotations in question, and the fact 
that the de novo annotation process utilizes continuously updated genetic databases that 
contain volumes more sequences than the KEGG GENES database, the annotations 
provided by the de novo transcriptome assembly process was used for analysis. 
In subgroup 1, contig_2570 encodes the predicted gene product SLIT-ROBO Rho 
GTPase-activating protein 3 isoform 1. This gene is a GTPase-activating protein for 
RAC1; a gene thought to play a significant role in various malignancies and is considered 
a therapeutic target for cancer (McAllister, 2012). It is highly down-regulated in 
dispersant, slightly up-regulated in oil:dispersant, and weakly down-regulated in oil at 24 
hrs. The relative induction caused by oil and dispersant together may provide evidence 
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that oil and dispersant formulations are much more toxic when mixed versus oil and 
dispersant alone. Contig_5213 encoding Rab2, a Ras-related protein, involved in vesicle 
trafficking, is identified in the first subgroup (Tisdale et al., 1996). It is down-regulated in 
both dispersant and oil, but up-regulated in oil:dispersant at 24 hrs when compared to the 
environmental control. It is likely that differences between expression levels are both due 
to the exposure type and concentration: an increase in exposure type and loading may 
inherently cause an increase in intracellular transportation for degradation and/or 
metabolism.  
In subgroup 2, contig_3210 encodes the predicted ras GTPase-activating protein 
1-like. This gene stimulates the GTPase activity of normal RAS p21 and acts to suppress 
the RAS oncogenic counterpart (Entrez Gene, 2013). The gene is up-regulated in 
oil:dispersant, slighly up-regulated in dispersant and down-regulated in oil at 24 hrs. It 
seems that dispersant may induce this gene, and although normal gene function 
suppresses oncogenic RAS, overexpression may cause mutation. Contig_1882 codes for 
hypoxia-inducible factor 1-alpha inhibitor and is up-regulated in both dispersant and 
oil:dispersant, but slightly down-regulated in oil at 24 hrs. It is plausible that dispersant 
may cause the inability to properly mediate changes in oxygen concentration in the 
cellular environment, specifically decreases in oxygen, possibly leading to cell death or 
apoptosis. Contig_3142 encodes the predicted ras-related protein, Rab-9A-like. Rab-9A 
is responsible for GTPase mediated signal transduction and is a member of the Ras 
oncogene family. It is up-regulated in dispersant and oil:dispersant and down-regulated in 
oil at 24 hrs. Induction of this gene may be caused by dispersant and consequently, may 
have detrimental effects on sponge health if mutated or overexpressed. In addition, 
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contig_8990 codes for protein kinase domain-containing protein and is up-regulated in all 
treated samples with oil:dispersant having a greater relative change. Protein kinases are 
involved in phosphorylation which functions as an on/off switch for many cellular 
processes including metabolism, apoptosis, differentiation, etc. (Manning G. W., 2002).  
In subgroup 3, contig_34 codes for beta actin-1, a non-muscle cytoskeletal actin 
involved in cell motility, structure and integrity. It is up-regulated in all treated samples, 
with a higher relative up-regulation in the oil:dispersant sample. The up-regulation in 
expression could possibly be due to increased motility and transport of crude oil and 
dispersant components across the cellular membrane. Contig_30763 encodes the gene 
diguanylate cyclase. Diguanylate cyclase participates in the formation of the ubiquitous 
second messenger, cyclic-di-GMP which is involved in bacterial biofilm formation and 
persistence (Tamayo et al., 2007 ). Expression data indicates that diguanylate cyclase is 
up-regulated in all treated samples at 24 hrs. This finding is interesting because marine 
sponges harbor complex and diverse bacterial communities that form a symbiotic 
relationship with the host organism. This data may indicate that the introduction of oil 
and dispersant into the marine environment may induce bacterial biofilm growth which 
can be particularly harmful for not only the sponges but coral reef and other communities 
as well.  Contig_11832 codes for glyceraldehyde 3-phosphate dehydrogenase or GAPDH. 
GADPH is responsible for catalyzing glycolysis and has also been implicated in several 
metabolic processes, including transcription, apoptosis (Tarze et al., 2007), ER to Golgi 
vesicle shuttling and axoplasmic transport (Zala et al., 2013). GAPDH is up-regulated in 
both oil:dispersant and oil and down-regulated in dispersant at 24 hrs. Oil may induce 
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GAPDH in response to cell stress and initiate degradative and apoptotic pathways (Hara 
et al., 2006).  
In subgroup 4, the gene encoding the predicted protein ras-related Rab-7a-like, 
contig_3193, is highly up-regulated in dispersant, weakly up-regulated in oil, and weakly 
down-regulated in oil:dispersant at 24 hrs. This gene is a key regulator of endo-lysosomal 
trafficking, endosomal maturation, and regulating lysosomal degradation (Entrez Gene, 
2013). Rab-7a, like Rab-9a, is a member of the RAS oncogoene family. If dispersant 
induces Rab-7a and causes overexpression, it may lead to mutation and induction of cell 
division pathways. Contig_2107 codes for predicted multidrug resistance protein 3-like 
partial and is up-regulated in dispersant, oil:dispersant and slightly up-regulated in oil at 
24 hrs. The expression data may indicate that both oil and dispersant act as xenobiotics 
within the cellular environment and are actively being exported out of the system. 
Specifically, the dispersant sample is highly up-regulated. This may indicate that 
dispersant alone is more potent a pollutant than oil or oil plus dispersant fractions. 
Contig_3567, predicted ras-related protein Rab-5C-like, is also found in subgroup 4. Rab-
5C is a member of the RAS oncogene family and is involved in vesicular trafficking (Han 
et al., 1996). This gene is up-regulated in dispersant and slightly up-regulated in both 
oil:dispersant and oil at 24 hrs. Induction of this gene when exposed to oil and dispersant 
may be caused by an increase in intracellular trafficking of xenobiotics, specifically in 
response to dispersant. The gene encoding silicatein alpha, contig_5751, is also found in 
subgroup 4. Silicatein alpha is a major biosilica forming enzyme present in demosponges 
and is responsible for spicule development and arrangement (Müller W. B., 2007). In this 
study, silicatein alpha is up-regulated in varying degrees of increasing expression across 
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all samples. In order from least to most up-regulated, oil is only slightly up-regulated, 
oil:dispersant is moderately up-regulated, and dispersant is highly up-regulated. This 
finding is interesting because it may provide evidence that not only do oil and dispersant 
induce spicule formation as a repair response to cell damage, but that dispersant alone 
may be more toxic, causing a much more dramatic effect on sponge skeletogenesis.  
The transcript encoding heat shock protein 90 (Hsp90), contig_11858, is found in 
subgroup 5. Hsp90 stabilizes against heat stress and aids in protein degradation, is up-
regulated in oil, but down-regulated in both dispersant and oil:dispersant in at 24 hrs. 
This data may implicate oil and dispersants as disruptors of normal cell function: 
dispersants suppress the normal activity of heat shock proteins while oil induces over 
activity. This lends either two very different cellular responses to pollutant invasion. 
Contig_67 encodes the predicted ras GTPase-activating-like protein, IQGAP1. IQGAP1 
is involved in regulating various cellular processes, including reorganization of the actin 
cytoskeleton, transcription, and cellular adhesion (Entrez Gene, 2013). IQGAP1 is 
weakly down-regulated in dispersant and highly down-regulated in oil:dispersant and oil 
at 24 hrs. Oil may cause impairments of normal function of IQGAP and could cause 
damage to transcriptional processes or actin cytoskeletal arrangements in marine sponges 
if underexpressed. Additionally, there are two genes coding for protein tyrosine kinase 
(contig_818 and contig_3136) in subgroup 5. Both genes are highly down-regulated in 
the oil:dispersant 24 hr sample. Tyrosine kinases function in a variety of cellular 
processes, pathways and actions and may play important roles in transcription, 
mitogenesis, and cellular growth and development (Radha, 1996). If oil and dispersant 
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fractions actively suppress the activity of tyrosine kinase, it may cause irreversible 
damage to growth, differentiation, and metabolic activities. 
In subgroup 6, the transcript coding for small GTPase Rac protein 1, contig_4830, 
is highly up-regulated in oil and down-regulated in both oil:dispersant and slightly down-
regulated dispersant at 24 hr. Oil may up-regulate RAC1 expression which can lead to 
uncontrolled cell proliferation and aberrant cell cycling. Ras protein (contig_2150) is also 
found in subgroup 6. Ras protein acts as a molecular switch: it switches on other proteins 
and genes responsible for cell growth, differentiation and survival (Goodsell, 1999). As a 
result, overactive Ras signaling can lead to uncontrolled cellular division, or cancer. Ras 
protein, like Rac protein, is highly up-regulated in oil and down-regulated in dispersant 
and oil:dispersant at 24 hrs. This provides evidence that oil may act as an inducer of Ras 
signaling which can lead to defects in cell growth and survival. Contig_670 codes for 
gelsolin, an actin-binding protein that is a key regulator of actin filament assembly and 
disassembly. Gelsolin is up-regulated in oil, but down-regulated in dispersant and 
oil:dispersant at 24 hrs (Sun, 1999). Actin filaments are found in the skeletal structure of 
the sponge, aiding in motility and contraction. This data may provide further evidence 
that dispersants act as suppressors of normal cell function. The gene coding for actin, 
contig_19303, is also found in this subgroup. Its expression is highly up-regulated in oil 
and weakly up-regulated in dispersant and oil:dispersant at 24 hrs. This may suggest that 
oil alone increases the activity of both actin and actin-binding proteins, possibly in 
response to increased motility and transport of xenobiotics across the cell membrane as 
evidenced by an up-regulation in multidrug resistance. The gene coding for ubiquitin, 
contig_1745, is expressed in this subgroup and is highly up-regulated in oil, but down-
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regulated in both dispersant and oil:dispersant at 24 hrs. Ubiquitin is a regulatory protein 
that aids in the destruction and recycling of proteins (Hershko, 1998). Again, this data 
may provide evidence that dispersants act to suppress cell regulatory functions while oil 
induces cellular pathways responsible for degradation.  
There are two heat shock protein 70 genes (contig_138 and contig_102) found 
within subgroup 7. In both cases, oil is down-regulated, which contrasts with the 
expression pattern of heat shock protein 90 (contig_ 11858) in the oil sample. Heat shock 
proteins are typically strongly up-regulated by heat stress and pollutant exposure, so this 
data is confounding, and sample replicates are needed. In addition, the gene coding for 
actin (contig_80) is also found in this subgroup. Interestingly, actin is highly down-
regulated in oil, but up-regulated in oil:dispersant at 24 hrs. The oil data conflicts with 
previous finding for actin. However, discrepancies in gene annotation reporting may be to 
blame: it could be that one of the genes is coding for cytoplasmic actin while the other is 
coding for an actin isoform or actin-related protein and then differences in expression 
level between the actin genes may then be resolved. Nonetheless, sample replicates are 
needed in order to make conclusive arguments. 
In the last subgroup, subgroup 8, the predicted gene coding for TNF receptor-
associated factor 2-like (contig_2304) is found. Tumor necrosis factor receptor-associated 
factors (TRAFs) are involved in the regulation of inflammation, antiviral responses and 
apoptosis (Inoue, 2000). Expression data reveals that this gene is highly up-regulated in 
dispersant and down-regulated in oil:dispersant at 24 hrs. This may provide evidence that 
the introduction of dispersants invokes apoptotic pathways as a response to toxic 
chemical invasion. TNF receptor-associated factor may be down-regulated in the 
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presence of oil since oil, a naturally occurring compound in the marine environment, is 
not recognized as a pro-inflammatory molecule, rather, TRAF signaling is suppressed 
while other degradation pathways or mechanisms are expressed. The last gene of interest 
in this subgroup is contig_81, villin, a tissue-specific actin-binding protein (Friederich, 
1999). Villin is down-regulated in all treated samples at 24 hrs. This expression data for 
oil:dispersant agrees with the expression data for other actin-binding proteins (i.e. 
gelsolin). However, discrepancies with the expression data for the oil sample are 
confounding: gelsolin is up-regulated in oil while villin is down-regulated. Perhaps 
binding site conformations are altered upon oil exposure for each protein which results in 
a difference of relative expression patterns. As stated before, technical replicates are 
required to confirm expression pattern behavior for specific genes. 
Principal Component Analysis 
 The PCA biplot reveals that expression patterns for oil and oil plus dispersant 
samples at 24 hrs is similar. The environmental control sample, Smith_5, and the oil 
sample at 24 hrs have gene expression patterns that quite different in comparison. The 
location of the clustered genes shows that more genes are expressed in Smith_5, which is 
understandable since the Smith_5 sample was sequenced using paired-end reads while 
the other samples were sequenced using single-end reads. Two outliers are apparent in 
the graph: the gene coding for histidine kinase and the gene coding for outer membrane 
pathogenesis protein. Histidine kinase is a multifunctional transmembrane protein that 
plays a role in signal transduction across the cellular membrane for adaption to 
environmental conditions and stresses (Dutta, 1999). In the biplot, it is preferentially 
expressed in the dispersant sample at 24 hrs. Perhaps this up-regulation in histidine 
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kinase is in response to dispersant as a chemical stressor. The other outlier, outer 
membrane pathogenesis protein, is preferentially expressed in the oil sample at 24 hrs. 
Interestingly, this protein is a bacterial isolate from Argobacterium radiobacter, a 
bacterium generally associated as a plant pathogen but can be responsible 
for opportunistic infections in humans with weakened immune systems (Hulse, 1993). It 
is likely that this gene was sequenced from either commensal bacteria residing in the host 
or from pathogenic bacteria found on the sponge. Regardless of origin, it may provide 
evidence that the presence of oil promotes pathogenesis in sponge-associated microbes. 
PC-based clustering of genes shows that PC 1 contains 55.4% of the variability 
found between the gene clusters while PC2 contains 31.5% and PC3 contains 13.1%. For 
this analysis, only genes with fold-changes across all samples were analyzed by PCA. 
The average response of genes in PC1 (nearly 81%), is down-regulation. In PC2, the gene 
expression is up-regulated in one group of genes and down-regulated in another group, 
although the majority of the genes being down-regulated (6% versus 2%). PC3 shows 
both up-regulation and down-regulation of genes. In contrast to PC2, PC3 has a greater 
response of genes being up-regulated (5%) than down-regulated (almost 1%). This data 
shows that the relative global gene response is down-regulation in all sample treatments.  
KEGG BRITE Hierarchies  
The KEGG BRITE hierarchies’ data represents the functional hierarchy of genes 
and proteins classified by the K numbers. Within this hierarchy, there are 4 distinct 
family classifications that contain annotated transcripts. The family classifications 
essentially characterize the functional role of all annotated transcripts based on KEGG 
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pathway associations and provide a categorical overview of the entire dataset. The 
networks include Metabolism, Genetic Information Processing, Environmental 
Information Processing, and Cellular Processes. 
Metabolism 
Within the Metabolism protein family, there are 6 subfamilies of proteins 
identified that play predominant roles between all metabolism pathways identified for the 
dataset. The protein family subcategories include enzymes, protein kinases, peptidases, 
glycosyltransferases, lipid biosynthesis proteins, and amino acid related proteins.   Each 
protein family contains subclasses with detailed description of the protein type and its 
corresponding transcript gene annotation. 
The enzyme family subcategory contains transcript annotations for the following 
classes of enzymes: oxioreductases, transferases, hydrolases, lyases, and ligases. 
 Oxioreductases are a class of enzymes that catalyze oxioreduction reactions that play an 
important role in both aerobic and anaerobic metabolism (Database, The Enzyme List 
Class , 2010). They comprise 15% of the enzymes in the Metabolism protein family. 
Transferases contain the highest number of gene annotations and comprise 40% of the 
metabolic enzymes identified. Transferases catalyze group transfer reactions. They have 
multiple subclasses and are given a specific identity based on the type of chemical group 
interaction. Hydrolases catalyze reactions that involve hydrolysis, which typically 
involves the transfer of functional groups to water. 25% of gene annotations within the 
enzyme family are part of the hydrolase subclass. Only 4% of metabolic enzymes are 
within the lyases subcategory. Lyases are responsible for cleaving C-C, C-O, C-N and 
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other bonds by means other than hydrolysis or oxidation (Database, The Enzyme List 
Class , 2010).  In the last subcategory, 14% of the enzymes are identified as ligases. 
Ligases catalyze the joining of two molecules with concomitant hydrolysis of the 
diphosphate bond in ATP or a similar triphosphate (Database, The Enzyme List Class , 
2010). Out of the 14% ligase-related enzymes, ubiquitin-protein ligase is encoded by 8 
different transcripts: contig_1219, contig_258, contig_1321, contig_417, contig_11062, 
contig_8589, contig_36, and contig_981.  Ubiquitin-protein ligase is involved in 
recognition and ubiquitination of specific target proteins for degradation (Robinson, 
2004).  
Protein kinases are the second family of proteins with transcript annotations. 
Protein kinases are regulators of cell function, acting to direct the activity, localization, 
and function of many proteins that orchestrate nearly all cellular processes (Manning G. , 
2013). The protein kinases identified are serine/threonine protein kinases and tyrosine 
protein kinases. There are 5 groups of serine/threonine protein kinases (AGC, CAMK, 
CMGC, TKL, and PEK family) and 3 subfamilies of tyrosine protein kinases (FGFR, 
InsR, and PYK) with annotations. By far, serine/threonine protein kinases are the most 
identified; they play a role in the regulation of cell proliferation, apoptosis, cell 
differentiation, and embryonic development (Capra, 2006).  
The next family of proteins identified is peptidases. Peptidases, or proteases, are 
enzymes that initiate protein catalysis by hydrolysis of peptide bonds (Rawlings, 2010). 
They are involved in a multitude of physiological reactions, from simple reactions to 
highly regulated cellular cascades. There are 4 major groups of proteases containing 
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annotations: cysteine, metallo, serine, and threonine. Between all groups, cysteine 
contains 58% of all contig annotations for the peptidase family. Cysteine proteases play 
several different roles and are involved in signaling pathways and in response to biotic 
and abiotic stresses (Grudkowska, 2004). It may of interest to note that these activated 
cysteine proteinases may play a role in stress response to oil and dispersant. 
The remaining 3 protein families include glycosyltransferases, lipid biosynthesis, 
and amino acid related proteins. Glycosyltransferases contains 4 glycan-related gene 
products encoding proteins for glycan biosynthesis and extensions of sugar polymers. 
Lipid biosynthesis also contains 4 transcript annotations for fatty acid synthase, elongase, 
and acyl-CoA synthetase, all related to processes involved the creation of energy for 
living organisms. The final protein family, amino acid related, contains 4 gene products 
for aminoacyl-tRNA synthetase and aminotransferase. The role of this enzyme is to 
attach the accurate amino acid onto the corresponding tRNA (Woese, 2000).  
Genetic Information Processing 
 The Genetic Information Processing protein family contains 7 protein 
subfamilies: transcription factors, transcription machinery, spliceosome, tRNA 
biogenesis, translation factors, SNAREs, and proteasome. Of all protein subfamilies, the 
spliceosome category contains the highest number of contig annotations with 13 gene 
products identified as splicing related proteins. Spliceosomes are responsible for splicing, 
or removing, introns from transcribed pre-mRNA (Will, 2011). Splicing is an essential 
step of gene expression, as aberrant pre-mRNA splicing is the basis of many forms of 
disease (Will, 2011). The identification of contig annotations with gene products 
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encoding for spliceosomes may indicate that transcriptional processes are active and 
possibly undergoing translational changes in response to oil and dispersant exposure. 
This could possibly lead to splicing errors and aberrant changes in gene expression.  
Environmental Information Processing 
 The Environmental Information Processing network contains 2 protein families: 
ABC transporters and solute carriers. Only 5 contig annotations are encoded between the 
2 families: contig_7009, contig_28904, contig_753, contig_3896, and contig_80. ABC 
transporters utilize the energy of ATP hydrolysis to carry out biological mechanisms 
across membranes and non-transport processes (Goffeau, 2004). Solute carriers transport 
proteins and act in different capacities of transport, including active and facilitative 
transportation (Hediger, 2004). ABC transporters that have undergone genetic mutation 
have been implicated in several human diseases (Pohl, 2005). Interestingly, ABC 
transporters have been shown to play a role against xenobiotics, which may have 
implications for sponge host defense against both oil and dispersants (Gedeon, 2006).  
Cellular Processes 
 In the last and final protein family network, Cellular Processes, there are 5 
subfamilies containing contig annotations. The 5 subfamilies for this group include 
enzyme-linked receptors, cytokine receptors, ion channels, GTP-binding proteins, and 
cellular antigens. The enzyme-linked receptors and cytokine receptors subfamilies both 
contain the same 4 transcript annotations for receptor tyrosine kinase: contig_16881, 
contig_843, contig_842, and contig_2150. Receptor tyrosine kinases are high-affinity cell 
  
113 
 
surface receptors for growth factors, cytokines, and hormones and are regulators of 
normal cellular processes (Lodish, 2000). Additionally, receptor tyrosine kinases have 
been implicated in many types of cancer (Zwick, 2001). The GTP-binding protein 
subfamily contains 7 gene annotations for GTP-binding subunits. GTPases act as 
molecular switches, namely, exchangers, stimulators and inhibitors, in signaling 
pathways to regulate the function of other proteins (Krauss, 2008). GTP-binding proteins 
include the Ras superfamily of GTPases, which contain annotations for 3 out of the 7 
transcripts identified within this subfamily: contig_1585, RAC1, contig_1529, RAB14, 
and contig_1429, RAB8A.  As previously stated, Ras is the most common oncogene in 
human cancer and its overexpression is widely studied in the development and 
progression of disease states. Considering the number of Ras annotations within this 
subfamily and gene expression data for Ras, it may provide evidence of a disease-like 
state with the sponge host upon exposure to oil and dispersant. 
KEGG Pathway Analysis 
Metabolism Pathways 
Once genes are assigned the KO identifiers (K numbers) by the ortholog 
annotation procedure, the KEGG Orthology system generates pathway maps. Within the 
fold-change filtered transcript dataset, 9 different pathways representing metabolism were 
generated: 1) carbohydrate, 2) energy, 3) lipid, 4) nucleotide, 5) amino acid, 6) other 
amino acids, 7) glycan biosynthesis, 8) cofactors and vitamins, and 9) xenobiotics 
biodegradation. Of the metabolism pathways, the pathway with the majority of annotated 
transcripts is carbohydrate metabolism. The specific metabolic pathways represented in 
carbohydrate metabolism include glycolysis/gluconeogenesis, citrate cycle, pentose 
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phosphate pathway, fructose and mannose metabolism, galactose metabolism, pyruvate 
metabolism, glyoxylate and dicarboxylate metabolism, propanoate metabolism, butanoate 
metablims, and inositol phosphate metabolism. In addition, specific metabolic pathways 
containing 5 or more annotated transcripts include glycolysis/gluconeogenesis, methane 
metabolism, alanine, aspartate and glutamate metabolism, arginine and proline 
metabolism with alanine, aspartate, and glutamate metabolism containing the greatest 
number of annotated transcripts within the metabolism pathway category. 
 Carbohydrate metabolism is responsible for the formation, breakdown and 
conversion of carbohydrates in living organisms. The most important carbohydrate is 
glucose, a simple sugar, which is broken down by catabolic reactions and stored in the 
form of starch and lipids as energy. Carbohydrates are a superior form of short-term 
energy because they are easier to metabolize than fats and proteins. It is not surprising 
that the greatest number of annotated transcripts (contig_3626, contig_3255, 
contig_1806, contig_44, contig_335, contig_7181, contig_270, contig_24904, 
contig_2093, contig_333, contig_204, contig_69) is found within the carbohydrate 
metabolism category: metabolic use of carbohydrates is a highly important energy source. 
The metabolic pathway for the amino acids alanine, aspartate, and glutamate contained 
the greatest number of annotated transcripts. Since these metabolites participate in more 
than one biochemical pathway, an increase in the number of hits is expected. 
Nonetheless, carbohydrate metabolism seems to play a vital role between all treated 
samples, indicating that carbohydrate conversion is a necessity for energy storage and 
consumption. 
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 Another metabolic pathway of interest is methane metabolism because it is a 
major component of natural gas and found in crude oil compositions. This pathway 
contained 5 annotated transcripts (contig_270, catalase, contig_3255, S-(hydroxymethyl) 
glutathione dehydrogenase / alcohol dehydrogenase, contig_3626, 6-phosphofructokinase 
1, contig_1806, acetyl-CoA synthetase , and contig_1743, phosphoserine phosphatase) 
for gene product intermediates involved with methane metabolism. This finding confirms 
that methane is metabolized by sponges for energy storage and production, independent 
of direct exposure to crude oil and dispersant fractions, because it was found between all 
samples, including the environmental control. This finding suggests that sponges harbor 
the natural ability to metabolize crude oil components in the marine environment and use 
those byproducts for energy. Additionally, it provides evidence that sponge-associated 
bacteria may aid with this process (Kennedy, 2007). 
 Xenobiotics biodegradation and metabolism is another pathway of particular 
interest as it relates to the cellular response of Cinachyrella spp. to crude oil and 
dispersant. Although one transcript was present for this pathway, contig_3255, it 
contained gene annotation for the intermediate S-(hydroxymethyl) glutathione 
dehydrogenase / alcohol dehydrogenase, which is involved in four specific metabolic 
pathways: chloroalkane and chloroalkene degradation, naphthalene degradation, 
metabolism of xenobiotics by cytochrome P450 and drug metabolism by cytochrome 
P450. These pathways are of interest, particularly naphthalene degradation, because they 
are directly involved in PAH and crude oil degradation and oxidation of organic 
substances. In addition, dispersant may be treated as a toxic drug compound and/or 
xenobiotic and is degraded by cytochrome P450. Cytochromes are the major enzymes 
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involved in drug metabolism and bioactivation and make up greater than 75% of all 
metabolic reactions (Guengerich, 2008). These findings provide direct evidence that 
suggest oil and dispersant formulations are toxic substances that activate degradative 
pathways to facilitate excretion from the host. 
Genetic Information Processing Pathways 
 The category for Genetic Information Processing contains the following pathways 
related to 1) transcription, 2) translation, 3) folding, sorting and, degradation, and lastly, 
4) replication. Out of the above pathways listed, the pathway containing the highest 
number of annotated transcripts is folding, sorting and degradation. This particular 
metabolic pathway contains intermediates coding for the following: protein processing in 
endoplasmic reticulum (contig_1058, contig_1497, contig_1691, contig_1709, 
contig_3210, and contig_1321), SNARE interactions in vesicular transport (contig_1367, 
contig_5080, and contig_12014), ubiquitin mediated proteolysis (contig_1321, 
contig_417, contig_258, and contig_162), proteasome (contig_2323, contig_2937, and 
contig_1685), and RNA degradation (contig_2570). It is important to note that none of 
the intermediates represent biogenesis or repair mechanisms; rather, the pathways 
involved are strictly degradative. The selectivity of transport and degradation processes is 
vital for maintaining functional organization within the cell (Cooper, 2000). This may be 
of importance as it relates to oil and dispersant as a toxicant, impairing growth and repair 
mechanisms. 
Within the transcription pathway, 6 annotated transcripts (contig_2556, 
contig_2458, contig_5508, contig_2570, contig_4132, and contig_22668) are identified 
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as spliceosome-associated proteins, SLU7, U2AF2, RBM17/SPF45, LSM5, 
SART1/HAF/SNU66, and SYF2. These factors help mediate intron excision in 
eukaryotic mRNA precursors during post-transcriptional mechanisms. In the category for 
translation-associated pathways, 3 transcripts (contig_1882, contig_581, and 
contig_2927) contain gene annotations for intermdiates involved within the following 
pathways: aminoacyl-tRNA biosynthesis, RNA transport, and mRNA surveillance. Only 
one transcript, contig_9100, is identified in the pathway for DNA replication. 
Environmental Information Processing Pathways 
The Environmental Information Processing category includes gene annotations 
within the following metabolic pathways: 1) membrane transport, 2) signal transduction, 
and 3) signaling molecules and interaction. The membrane transport pathway contains 2 
annotations for ABC transporters, and the signaling molecules and interactions pathway 2 
annotations for ligand-receptors. By far, the metabolic pathway containing the majority 
of annotated gene transcripts is signal transduction with a total of 46 gene annotations. 
Within the signal transduction pathway, the specific metabolic pathways represented are 
two-component system, MAPK signaling, ErbB signaling, Wnt signaling, Hedgehog 
signaling, TGF-beta signaling, VEGF signaling, Jak-STAT signaling, NF-kappa B 
signaling, HIF-1 signaling, calcium signaling, phosphatidylinositol signaling, and lastly, 
PI3K-Akt signaling. Signaling pathways with gene product annotations for 5 or more 
transcripts were investigated for further analysis: these specific pathways include MAPK 
signaling, Wnt signaling, NF-kappa B signaling, and PI3K-Akt signaling. 
The mitogen-activated protein kinase (MAPK) signaling mechanism involves 
activation of several membrane signaling molecules followed by a stimulation of several 
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cytoplasmic protein kinases that transmit signals to activate molecules to initiate 
proliferation, differentiation, and development (Seger, 1995). This pathway acts as an 
"on" or "off" switch and when this pathway is mutated, it leads to the development of 
cancers (Orton, 2002). The data show that there are 3 intermediates annotated for 
involvement in the classical MAPK pathway: FGFR, SOS, and PKA. In addition, there 
are 5 intermediates annotated for involvement in the JNK and p38 MAPK pathway 
(TRAF6, Cdc42/Rac, MUK, TAK1, and FLNA) which are induced by stressors such as 
cytotoxic drugs, heat shock, and reactive oxygen species. This data is interesting because 
it reveals that oil and/or dispersant molecules may act as ecotoxicants, inducing pathways 
to promote apoptosis within Cinachyrella spp.  
The Wnt signaling pathway consists of a network of proteins that transfer signals 
to cell surface receptors leading to a signaling cascade responsible for cell-cell 
communication for proliferation and differentiation during basic development and 
healing (Logan, 2004). The pathway data shows that there are 5 intermediates annotated 
for involvement in the canonical Wnt pathway, which leads to the stabilization of 
cytoplasmic beta-catenin and subsequent activation of Wnt-regulated genes. These 
intermediates include the following: PKA, PP2A, Siah-1, TAK1, and RAC1. RAC1 
(contig_1585) is involved in the planar cell polarity Wnt signaling pathway, which leads 
to activation of the stress kinase JNK and ROCK and leads to remodeling of the 
cytoskeleton and changes in cell adhesion and motility. RAC1, a ras-related protein, is 
thought to play an important role in the development of different forms of cancer 
(Krauthammer et al., 2012). This finding is interesting because it may play a role in 
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sponge developmental abnormalities or disease progression in response to oil and 
dispersant exposure. 
The nuclear factor-kappa B (NF-kappa B) pathway plays a key role in regulating 
the immune response to invading pathogens and is involved in cellular responses to 
stress, free radicals, ultraviolet irradiation, cytokines, and bacterial or viral antigens 
(Brasier, 2006). There are several pathways leading to activation of NF-kappa B, 
however, the canonical pathway is induced by tumor necrosis factor alpha (TNF-alpha), 
interleukin-1 (IL-1) or byproducts of bacterial or viral infection. Additionally, there are 
also atypical and non-canonical pathways that are mechanistically interlinked to the 
canonical pathway that activate the NF-kappa B response as well. In this data set, there 
exists 6 intermediates that are activated throughout all 3 aforementioned pathways to 
ilicit NF-kappa B activation. The metabolic intermediates include IRAK4, TRAF6, LBP, 
TRAF3 (containing 2 transcript annotations, contig_1391 and contig_2235), and TAK1. 
The data may implicate the role of oil and dispersant as a trigger for NF-kappa B 
response to environmental stress. 
Phosphatidylinositol 3'-kinase (PI3K)-Akt signaling pathway is activated by many 
different types of cellular stimuli or toxic invaders and regulates transcription, translation, 
proliferation growth, and survival (Fresno, 2004). Many components in this pathway 
have been described as cancer inducing agents when mutations are activated (Carnero, 
2008). There are 8 genes encoding for intermediates found within this pathway. These 
include pckA (PEPCK), PP2A, PKN, COL1AS, RAC1, SOS, INSR, and FGFR3. Of 
these transcription factors, contig_1658, SOS (sons of sevenless), has been implicated as 
a protein that may affect toxicological endpoints and lead to disease (Pierre, 2011). It was 
  
120 
 
found that the SOS gene is induced by the environmental toxin, dioxin, a PCB-like 
chemical (Pierre, 2011). This finding is very interesting because when the KEGG 
annotated transcript is cross-referenced with the gene expression data for that particular 
contig, an up-regulation is noted in the oil plus dispersant sample, while down-regulation 
is observed in the dispersant and oil samples. Additionally, the transcriptome sequencing 
identifies this transcript as a ‘predicted protein’, so KEGG gene annotation may or may 
not be entirely accurate. Nevertheless, if the data is interpreted on the basis of gene 
expression analysis and KEGG annotation, it may provide direct evidence that oil plus 
dispersant formulations are much more toxic than oil or dispersant alone. 
Cellular Processing Pathways 
In the category Cellular Processes, there are metabolic pathways for 1) transport 
and catabolism, 2) cell motility, 3) cell growth and death, and 4) cell communication. 
Each metabolic pathway contained at least 6 or more annotated gene transcripts. The 
metabolic pathway containing the highest number of annotations is transport and 
catabolism with 13 transcripts encoding genes involved with endocytosis, and 
phagosomal, lysosomal, and peroxisomal-related processes. Phagocytosis plays a 
fundamental role in cellular defense against infectious agents by engulfing foreign 
particles and degrading them into fragments. Lysosomes also play a key role in aiding in 
degradation of macromolecules. Peroxisomes function in catabolic processes to break 
down fatty acids. With transcripts annotated for genes associated within these pathways, 
it may denote that oil and dispersant particles are being actively metabolized and 
degraded. 
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Within the metabolic pathway for cell motility, 6 intermediates are identified as 
genes encoding for the regulation of actin cytoskeleton. These intermediates include 
FGFR3 (contig_842), SOS (contig_1658), RAC1 (contig_1585), MYLK (contig_138), 
ACTB_G1 (contig_85), and PXN (contig_3450). Of these gene products, SOS and RAC1 
are of interest because they have been strongly implicated in the development of cancers 
if dysregulated. As stated previously, gene expression data shows that the contig with 
KEGG annotations coding for SOS is strongly up-regulated in the oil plus dispersant 
sample. Additionally, if the gene coding for RAC1 in KEGG is cross-referenced with the 
contig ID from the transcriptome sequencing, which contains no annotation, as well as 
the gene expression data, a strong up-regulation in the oil plus dispersant sample is 
denoted. This data provides further evidence that oil and dispersant formulations are 
much more toxic to organisms when mixed.  
Cell growth and death metabolic pathways identified include cell cycling, cell 
cycling in yeast, yeast and oocyte meiosis, apoptosis, and p53 signaling pathway. The 
oocyte meiosis pathway contains that highest number of hits with 3 annotated transcripts: 
PKA (contig_4512), ORB (contig_2058), and PP2A (contig_2927). Intermediates 
identified for this pathway may suggest that the 24 hr collected time point sponge 
samples for all exposure groups and control were ‘female’ sponges. Sponges reproduce 
sexually and asexually, but most sponges are both male and female. This data suggests 
Cinachyrella spp. utilizes a sexual mode of reproduction. The apoptosis pathway contains 
2 annotated transcripts with intermediates coding for IRAK4 (contig_1508) and PKA 
(contig_4512). The PKA, or protein kinase, intermediate is involved in a cell survival 
while the IRAK4 intermediate is involved in cytokine-cytokine receptor interaction 
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leading to subsequent degradative mechanisms. Lastly, the p53 signaling pathway 
contains 2 transcripts coding for cyclin B (contig_13725) and Siah-1 (contig_258), a 
ubiquitin protein ligase. p53 signaling is induced by a number of stress signals, including 
DNA damage, oxidative stress and oncogene activation (Wu, 2004). Within the p53 
signaling pathway map, cyclin B is involved in G2 cell cycle arrest while Siah is directly 
involved in apoptosis. Taken collectively, this data suggests a pro-degradative or 
apoptotic environment between treatment samples.  
The last pathways within the Cellular Processes category are cell communication: 
focal adhesion pathway and adherens junction pathway.  Focal adhesions participate in 
the structural link between membrane receptors and the actin cytoskeleton and play a role 
in reorganizing cell shape and motility. Adherens junctions are important for maintaining 
tissue structure and cell polarity and can restrict cellular movement and growth. It’s not 
surprising that the metabolic intermediates identified are collagen and actin-associated 
metabolites. Contig_85, actin beta gamma 1, is a component of the cytoskeleton and 
mediator of cell motility and found in both pathways. Additionally, contig_1585, coding 
for RAC1, is also found as an intermediate between both pathways and plays a role in 
cytoskeleton regulation. 
 Organismal Systems Pathways  
Sponges lack true tissues, and do not have nervous, digestive, or circulatory 
systems. However, Cinachyrella spp. transcripts in the current dataset have yielded 
annotations for gene products that act as multi-functional intermediates in several 
different pathways. This section outlines the metabolic pathways containing annotations 
in the following organ systems: 1) immune system, 2) endocrine system, 3) circulatory 
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system, 4) digestive system, 5) excretory system, 6) nervous system, 7) sensory system, 
8) development, and 9) environmental adaptation. Interestingly, the organ system 
function containing the most number of annotated hits is the immune system with 35 
annotations.  
In the immune system function, the following pathways are identified: toll-like 
receptor signaling, NOD-like receptor signaling, RIG-I-like receptor signaling, natural 
killer cell mediated cytoxicity, antigen processing and presentation, T cell receptor 
signaling, B cell receptor signaling, Fc epsilon RI signaling, Fc gamma R-mediated 
phagocytosis, leukocyte transendothelial migration, and chemokine signaling. Toll-like 
receptor signaling is important in microbial pathogen recognition and generating an 
immune response. The intermediates RAC1, TRAF3, TRAF6, MAP3K7, IRAK4, and 
LBP are identified and play a role in inducing inflammatory cytokines for antiviral and 
proinflammatory effects. The gene expression data for RAC1 shows a strong up-
regulation for the oil and dispersant sample, and may provide insight into the toxic role 
dispersants play in sponge immune system function. 
NOD-like receptor signaling and RIG-I-like signaling pathways are also 
responsible for detecting various pathogens and initiating innate immune responses. Both 
the NOD-like receptor and RIG-I-like encoding genes also include TRAF3, MAP3K7, 
and TRAF6. Although the transcripts are not specific to which pathway is activated, it 
provides insight into the fundamental mode of response to oil and dispersant exposure in 
marine sponges. It becomes quite clear that the modality of action is the involvement of 
immune-mediated responses to oil and dispersant exposure.  
  
124 
 
The remaining pathways, natural killer cell mediated cytoxicity, antigen 
processing and presentation, T cell receptor signaling, B cell receptor signaling, Fc 
epsilon RI signaling, Fc gamma R-mediated phagocytosis, and leukocyte transendothelial 
migration are all specific to the human host. Regardless of species reactivity, it 
evokes biological understanding of the mechanisms involved in marine sponge immune 
defense. There may exist synonymous pathways for immune-mediated mechanisms 
found in the marine sponge. Elucidation of these specific pathways and the intermediates 
involved may provide a fundamental role in understanding how specific environmental 
pathogens and/or pollutants invade and cause disease progression. This discovery could 
have major implications in reef-wide disease and mitigation.  
The endocrine system function contains the following pathways with gene 
annotations: insulin signaling, adipocytokine signaling, PPAR signaling, GnRH 
signaling, progesterone-mediated oocyte maturation, and melanogenesis. The 
intermediates identified (INSR, PKA, and pckA/PEPCK) in the insulin signaling pathway 
result in subsequent involvement of the PI3K-Akt signaling pathway. Adipocytokine 
signaling pathway involves cytokine secretion by adipocytes, or fat cells, and is 
implicated in insulin signaling. The PPAR signaling pathway is also involved with fatty 
acid derivatives and both pathways contain the gene encoding for the intermediate 
pckA/PEPCK, an intermediate identified as leading to inhibition of gluconeogenesis and 
ultimately, insulin resistance.  
The GnRH signaling pathway and progesterone-mediated oocyte maturation 
pathway are both related to sexual development. Between both pathways, they share the 
same protein kinase, PKA, which is a signaling intermediate found in numerous 
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metabolic pathways. The protein ORB, oo18 RNA-binding protein, is found in the oocyte 
maturation pathway and is directly involved with oocyte meiosis, which is interesting 
because it may provide evidence that the 24 hr time point sponge samples were all 
female. The last pathway within the endocrine system function category is melanogenesis 
which plays a key role in the production of the pigment, melanin. Pigmentation provides 
camouflage and may be used for protection from predators by mimicry or warning 
coloration. The intermediates found in this pathway, PKA and guanosine nucleotide-
binding protein, are also found in several other metabolic pathways and no gene products 
are directly involved with the activation or deactivation of this pathway.  
Human Disease Pathways 
The last category containing transcript annotations for gene products found as 
intermediates in specific pathways is Human Diseases. This category is unique for an 
array of different pathways associated with various diseases, including 1) cancer, 2) 
immune disease, 3) neurodegenerative disorders, 4) substance dependence, 5) 
cardiovascular disease, 6) endocrine and metabolic disease, and 7) bacterial, viral, and 
pathogenic infections. Although the transcripts identified are intermediates for human 
disease-related pathways, it does not provide conclusive evidence that the pathways 
described are analogous to sponge-related diseases which are understudied (Webster, 
2007; Webster & Blackall, 2009). It merely provides insight and interpretation into how 
these intermediates behave and the multiple roles they play within systemic functions. All 
of the pathways listed are represented within this category for the dataset. 
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The subcategory for cancers contains 15 specific pathways: pathways in cancer, 
transcriptional misregulation, chemical carcinogenesis, viral carcinogenesis, colorectal 
cancer, pancreatic cancer, glioma, acute and chronic myeloid leukemia, renal cell 
carcinoma, bladder cancer, prostate cancer, endometrial cancer, small cell lung cancer, 
and non-small cell lung cancer. The transcription factors identified within the pathways 
in cancer pathway which also includes the pathways for colorectal cancer, pancreatic 
cancer, glioma, acute and chronic myeloid leukemia, renal cell carcinoma, bladder 
cancer, prostate cancer, endometrial cancer, small cell lung cancer, and non-small cell 
lung cancer  are TRAF3/4/6, FGFR3, SOS, RAC1, and ARNT. The TRAFs are involved 
in evading apoptosis, while FGFR is induced as a cytokine receptor for SOS (ErbB 
signaling) and RAC1 (MAPK signaling). The ARNT transcription factor is involved in 
sustaining angiogenesis.  
The pathway for transcriptional misregulation in cancer contains two transcription 
factors: PRCC, FUT8, and CDK9. PRCC is an intermediate involved with papillary renal 
cell carcinoma while FUT8 is responsible for differentiation resistance in acute 
lymphoblastic leukemia. CDK9 induces AF4 which subsequently leads to either 
differentiation resistance or resistance to chemotherapy in acute lymphoblastic leukemia. 
The pathway for chemical carcinogenesis contains gene products for the transcription 
factors ARNT and ADH. ADH is an intermediate in the pathway for renal tubule 
adenoma and carcinoma.  
The last pathway in the subcategory for cancers is viral carcinogenesis. This 
pathway contains transcripts coding for the intermediates TRAF3, PKA, SCRIB, PXN, 
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and RAC1. TRAFs are identified as intermediates found in Epstein-Barr virus 
pathogenesis as well as Kaposi’s sarcoma-associated herpes virus. Within the Epstein-
Barr virus pathway, TRAF is induced by an oncoprotein and activates the NF-kappa B 
signaling pathway for B-cell activation, survival and proliferation. Within the pathway 
for Kaposi’s sarcoma-associated herpes virus, TRAF is induced by an oncoprotein and 
activates the PI3K-Akt signaling pathway to promote angiogenesis and inflammation. 
The transcription factor PKA phosphorylates H2B which leads to possible alteration of 
host cellular gene expression within the Hepatitis C virus. Both SCRIB and PXN are 
involved as intermediates within the Human papillomavirus pathway. SCRIB is involved 
with cellular transformation, and PXN is involved with cellular transformation and 
anchorage-independent cellular proliferation within the p53 signaling pathway.  
Within the immune disease subcategory, 3 transcripts are annotated for the 
intermediate CTSL, which is involved with joint destruction in the pathway for 
rheumatoid arthritis. The neurodegenerative diseases subcategory contains the following 
pathways: Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, 
Huntington’s disease, and prion diseases. The Alzheimer’s disease pathway contains the 
following intermediates: NDUS3, COX5, GNAQ, and EIF2AK3. Both NDUS3 and 
COX5 are involved with mitochondrial dysfunction which is caused by adenosine 
triphosphate (ATP) depletion and leads to an increase in reactive oxygen species. GNAQ 
plays a role in inducing IP3R which, in turn, induces the intermediate EIF2AK3. Both 
play a role in calcium signaling. NDUS3 and COX5 are also found as intermediates 
within the pathway leading to Parkinson’s disease and play a role in mitochondrial 
dysfunction.  
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In the pathway for amyotrophic lateral sclerosis there are two intermediates 
annotated, CAT and RAC1. CAT is an intermediate in a process inducing neurofilament 
damage while RAC1 is induced by ALS2 and possibly plays a role in abnormal Rab5 
dependent endocytosis. In Huntington’s disease, the transcription factors GNAQ, DNAH, 
NDUFS3 and COX5 are encoded by 4 transcripts. The intermediate DNAH is involved 
with altered vesicular transport, while GNAQ is found in calcium signaling and both 
NDUFS3 and COX5 are a part of mitochondrial dysfunction. In the last pathway, prion 
diseases, 1 transcript is identified that encodes PKA. PKA plays a direct role with 
protection against ansiomycin-induced apoptosis.  
The substance dependence subcategory contains 4 specific pathways for cocaine 
addiction, amphetamine addiction, morphine addiction, and alcoholism. The 
intermediates identified include GNAI, PKA, and SOS. GNAI is specific to cocaine 
addiction, morphine addiction, and alcoholism, while PKA is specific to cocaine 
addiction, amphetamine addiction, and morphine addiction. SOS is only found as 
intermediate in the alcoholism pathway. All intermediates are involved in postsynaptic 
cells where active signaling induces maintenance of an addictive state. 
The pathways for cardiovascular disease include hypertrophic cardiomyopathy, 
arrhythmogenic right ventricular cardiomyopathy, dilated cardiomyopathy, and viral 
myocarditis. The ACTB_G1, actin beta-gamma 1 protein, is involved in each disease 
pathway listed. PKA is also induced in dilated cardiomyopathy while RAC1 is induced 
during viral myocarditis. In the endocrine and metabolic disease subcategory, the 
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pathway for type II diabetes mellitus contains 2 annotated transcripts for INSR which 
directly activates ERK and is involved with insulin resistance.  
The last and final subcategory within the Human Diseases category is infectious 
diseases. Within the infectious diseases subcategory, there are 19 specific pathways with 
annotations found in the Cinachyrella spp. transcriptome. These pathways include the 
following: vibrio cholera infection, epithelial cell signaling in Helicobacter pylori 
infection, pathogenic Escherichia coli infection, Salmonella infection, shigellosis, 
pertussis, tuberculosis, bacterial invasion of epithelial cells, HTLV-infection, measles, 
influenza A, hepatitis C, herpes-simplex infection, Epstein-Barr virus, amoebiasis, 
toxoplasmosis, leishmaniasis, Chagas disease, and African trypanosomiasis. Between 
these 19 signaling pathways, ACTB_G1, EIF2AK3, FURIN, GNAI, GNAQ, IRAK4, 
IRF1, LBP, MAP3K7, PKA, PPP2R1, RAC1, TRAF3/6 are annotated multiple times. 
These transcription factors play various roles as intermediates involved in the induction 
and progression of bacterial and viral pathogenesis.  
Challenges 
One of the biggest challenges within this project was interpretation of the mass of 
biological sequencing data generated. Inexperience with bioinformatics made data 
analysis very difficult and required much self-training with open software programs to be 
able to interpret and represent the dataset in a logical and comprehensive manner. 
Another setback encountered included nearly a six-month delay in the reported sequences 
from North Carolina State University because of sequencing machine hardware 
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malfunctions.  This caused a major delay in data reporting and analysis to internal 
collaborators as well as project funding partners. 
            Apart from technical issues, another major challenge included taxonomic 
identification of sponge collections. As previously explained, Cinachyrella spp. is a very 
difficult sponge to identify at the species level based on phenotype alone. Species 
identification by spicule preparations was performed and even with the assistance of 
trained sponge taxonomy experts, it is still a very difficult task because of the high degree 
of similarity in spicule composition.  There is little sequencing information in genetic 
databases for Cinachyrella spp., so this makes identification using molecular tools an 
additional challenge.  
 Additional obstacles faced in the laboratory issues include de novo 
oligonucleotide primer design and PCR amplification of Cinachyrella spp. samples. It 
was previously reported that the particular genus of interest is undoubtedly difficult to 
work with at the molecular level, so it came as no surprise that only a few genes of 
interest would amplify and with intermittent efficiency. Initially, the focus of this project 
was strictly based on gene expression validation studies in the laboratory. However, when 
significant problems arose that continued for nearly six months, the focus was shifted to a 
more computational approach which developed into the largely bioinformatics based 
project that is presented in this thesis.  
 Another challenge to data interpretation included the sampling regime and 
sequencing comparisons. The sequences generated were de novo, and in order to make 
concrete statements regarding gene expression and statistical analyses, it is imperative to 
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have sample replicates. As stated, this study is a baseline study, to provide preliminary 
evidence of what may be occurring inside the sponge during an oil spill and oil spill 
sponge response, so sequencing replicates was not the primary goal. However, during the 
progression of this project, additional time point samples have been sent for 
transcriptome sequencing, which should solidify on the foundation described herein and 
help to understand the effects of oil and dispersants in a time dependent manner.   
Improvements and Future Directions 
One particular improvement to the project design would have been the model 
sponge species selection. After careful sponge taxonomic review, perhaps the project 
implementation would have progressed more smoothly if a better characterized model 
was selected. Despite the challenges faced with utilizing Cinachyrella spp. for project 
studies, there has been novel biological data produced for this particular genus, which 
will complement future sponge research studies. The de novo sequencing data will also 
be added to public databases which will give insight into the poorly described Poriferan 
transcriptome.  
A practical improvement to the project design would be to add sample replicates 
for sequencing for statistical purposes as well as time point samples to understand what is 
happening biologically over time during oil and dispersant exposure within Cinachyrella 
spp. Since additional time point samples have already been submitted for transcriptome 
sequencing, a future goal would be to compile both datasets for comparisons and describe 
the effects of oil and dispersant on protein transcripts over time. Additionally, it would be 
interesting to target specific genes using real-time qPCR and microarray analysis to study 
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expression level changes across exposure time points. Even targeting the prokaryotic 
responses would be a relevant design considering marine sponges can harbor over 3000 
different species of bacteria alone (Webster N. T., 2010). This may provide vital 
ecotoxicological data for marine sponges and indicate thresholds for toxicity from marine 
pollutants.   
A possible future endeavor that would be greatly beneficial for ecotoxicological 
studies would be to investigate the effects of Corexit 9500 on gene expression in a time 
dependent manner. Not much biological data exists for this particular dispersant 
formulation, so if future studies using Cinachyrella spp. can confirm the toxicity 
described in this thesis, it may provide serious implications for EPA oil spill response 
regulations. Perhaps even sound the alarm on a very dangerous chemical used 
haphazardly, as demonstrated in Rachel Carson’s Silent Spring.  
CONCLUDING REMARKS 
 Novel Cinachyrella spp. transcripts from sponge samples exposed to different 
treatment regimens of crude oil and dispersant reveals a variation in gene expression 
patterns, particularly in response to dispersant. The transcripts identified from the de novo 
sequencing process elucidated the roles of cellular machinery involved with key 
biological mechanisms for survival, growth, development, and senescence. Future in-
depth gene expression analysis studies can further clarify the roles specific transcripts 
play in response to abiotic stressors in the marine environment. The presence of 
metabolism and degradative related-genes and associated signaling pathways revealed 
that sponges are sensitive to environmental perturbations and also possess cellular 
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mechanisms to cope with such stresses. This study provides a novel characterization of 
Cinachyrella spp. cellular interactions to understand the critical pathways involved for 
metabolism, genetic processing, environmental processing, and cellular response to 
toxicant exposure. 
One particular protein transcript family, the Ras subfamily, was annotated in multiple 
different pathways and genes and is a topic of interest given its well-documented 
propensity to stimulate uncontrolled cell proliferation and development of disease if 
overexpressed. Although not conclusive, the preliminary data suggests that the Ras 
subfamily may be of particular interest for Cinachyrella spp. biomarker studies, 
specifically in response to dispersant. If Cinachyrella spp. ras-related genes are targeted 
for gene expression analysis studies to measure differences in expression upon exposure 
to various known toxicants and pollutants, then the potential exists for the discovery of a 
novel marine sponge biomarker. 
Overall, this study has shown that Cinachyrella spp. does exhibit differential 
expression between the environmental control and sponges exposed to crude oil and 
dispersant formulations. Sponge-specific transcript annotations reveal that proteins found 
in the Ras subfamily may have the potential to serve as biomarkers of environmental 
stress. In addition, KEGG gene and pathway classifications provided by the KAAS 
annotation system offer an in-depth look into Cinachyrella spp. protein transcript 
function. The pathways identified, more specifically, those characterized for metabolism 
and biodegradation signaling cascades, offer supportive evidence that Cinachyrella spp. 
may be a useful bioindicator of environmental pollution events, such as oil spills and also 
useful in decisions with regard to spill response efforts. 
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APPENDICES 
Refer to supplementary electronic reference for Appendices 
1. Appendix 1- Contig-level expression data provided by Ocean Ridge Biosciences 
(Jupiter, FL) 
2. Appendix 2- Heat map generated by Gene Cluster 3.0 displaying differentially 
expressed genes affected by crude oil and dispersant exposure at t=24 hrs with 
corresponding expression values  
3. Appendix 3-K numbers with orthologous genes in the following genomes: 
Amphimedon queenslandica, Caenorhabditis elegans, Hydra magnipapillata, 
Monosiga brevicollis, Nematostella vectensis, and Strongylocentrotus purpuratus 
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4. Appendix 4-KEGG pathway descriptions containing transcript annotation 
matches 
 
